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ABSTRACT 
 
The establishment of seedling regeneration is a key process in and indicator of ecologically 
sustainable forest management. The availability of seed and the creation of a suitable seedbed 
are recognised as important factors limiting seedling recruitment. A silvicultural method 
commonly used across northern and eastern jarrah forest blocks is shelterwood cutting. The 
primary objective of treating jarrah forest to shelterwood is to promote seedling regeneration 
in areas lacking sufficient advanced growth. Despite the widespread and progressive 
implementation of the shelterwood method, its application in jarrah forest has shown varying 
degrees of success.  
This thesis sought to investigate and better understand the roles of seed supply and seedbed 
condition in promoting successful seedling regeneration in shelterwood-treated jarrah forest. 
It addressed two questions from an ecological and management perspective. Firstly, could 
adequate seed supply and favourable seedbed conditions be effectively managed and 
produced in shelterwood-harvested coupes? Secondly, could adequate seed supply and 
suitable seedbed conditions be reliably produced to facilitate successful seedling regeneration 
following disturbance events, in this case post-harvest burning? 
A major effort was dedicated to developing a more accurate and practical method of 
assessing seed crops in individual trees. The final model produced a high degree of 
predictability (R² = 0.85), while still maintaining a high level of practicality for field 
application, with three easily measured variables being used (stem diameter combined with 
subjective assessments of capsule clump density and capsule clump distribution). The refined 
model dramatically improved estimates of crown capsule numbers from the previous model, 
with the R² value increasing from 0.29 to 0.85.  
The second major focus of the study was to assess the capacity of prescribed burns, under 
mild conditions, to produce seedbed conditions suitable for regeneration. Low intensity 
prescribed burns resulted in the production of suitable conditions for seedling regeneration; 
that is, leaf litter and understorey vegetation were reduced and ash beds were created. Ash 
bed production was heterogeneous within sites. This heterogeneity has been attributed to the 
capacity of low intensity prescribed burns to account for fine-scale variations in fuel quantity, 
continuity and condition.  
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Patterns of pre-burn aerial seed crop size and seed fall following low intensity prescribed 
burning were also assessed. Canopy capsule crops showed a high degree of spatial and 
temporal variability, both in terms of seed quantity and maturation. Such variability has been 
attributed to individual trees or groups of trees responding differently to localised climatic 
events and/or interspecific site factors at each stage of the flowering cycle. The main source 
of this variability was shown to be the numbers and spatial distribution of super trees; that is, 
trees defined as having a stem diameter >60 cm and >20 000 capsules. The average rate of 
seed fall increased substantially following prescribed burning under mild conditions. Post-
harvest burning under the mild conditions of the current survey did not result in en masse 
seed fall. Rather, peaks in seed fall were observed in the first few weeks post-burn, followed 
by low level falls throughout the following year. Sites burnt in spring showed a higher and 
more consistent release of seed in the first few weeks following fire, whereas seed fall after 
autumn burning was more sporadic.  
The comparative and interactive roles that seed supply and seedbed conditions play in 
limiting recruitment of jarrah were also studied. Low seedling densities were recorded across 
all six burnt study sites. The fact that ample levels of post-burn seed fall produced such low 
seedling numbers suggested that adequate seed supply did not coincide with seedbed 
conditions suitable for mass seedling regeneration. Conditions favourable for seedling 
recruitment were highly variable within sites, since both seed supply and seedbed conditions 
were spatially heterogeneous. Fine-scale areas burnt to mineral soil showed an additive 
influence to the overwhelmingly dominant factor of seed supply on seedling recruitment. 
However, the capacity of low intensity burns to produce these seedbed conditions at a broad 
scale is limited. 
Results of this study suggest that successful stocking of shelterwood-treated jarrah forest is 
not always achievable following a disturbance event, such as post-harvest burning under mild 
conditions. The chances of a large seed supply coinciding with broad-scale seedbed 
conditions favourable for mass germination, emergence and establishment appear to be low. 
Successful stocking of shelterwood-treated jarrah forest is more likely to be a longer term 
outcome achieved through episodic recruitment, when favourable environmental conditions 
coincide with optimal seedbed conditions. Such episodic recruitment strategies may be 
common in resource-limited systems such as jarrah forest and other dry eucalypt forest 
systems, where conditions controlling the regeneration niche are often variable and 
unpredictable.   
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Chapter 1 
General Introduction 
 
1.1 The Jarrah Forest: a Brief Introduction 
 
The jarrah forests of Western Australia cover some 1.8 million hectares, extending from near 
Gingin in the north to Albany in the south. Approximately forty-eight per cent of the 1.57 
million hectares of publicly owned jarrah forest is available for timber production (0.75 
million hectares) (Conservation Commission of Western Australia [CCWA], 2013). The 
northern jarrah forests of Western Australia occur across an area of Mediterranean-type 
climate, characterised by hot, dry summers and cool, wet winters (Abbott and Loneragan, 
1986; Gentilli, 1989). These forests typically occur on infertile soils derived from lateritic 
profiles west of the 600 mm isohyet, with the best developed forest occurring along the 
western edge of the Darling Plateau in the higher rainfall zone (>1000 mm per annum) 
(Abbott and Loneragan, 1986; Dell and Havel, 1989; National Forest Inventory, 2003; 
McCaw, 2011). Jarrah forest is replaced in the east by wandoos (Eucalyptus wandoo and E. 
accedens), in the south by karri (E. diversicolor F. Muell.), in the west by tuart (E. 
gomphocephala DC.) and in fertile moist environments within its range by flooded gum (E. 
rudis Endll.) and bullich (E. megacarpa F.Muell.) (Dell and Havel, 1989). 
The northern jarrah forest is classified as a medium open, dry sclerophyll forest (10–30 
metres in height, 30%–70% canopy cover) that is dominated by two tree species, jarrah (E. 
marginata Donn ex Sm.) and to a lesser extent, marri (Corymbia calophylla Lindl.) (Bell and 
Heddle, 1989; Stoneman, et al. 2005; McCaw, 2011). The understorey is a mix of small tree 
species including sheoak, banksia and geebung (Allocasuarina fraseriana Miq., Banksia 
grandis Willd. and Persoonia longifolia R. Br.), woody shrubs, grass-trees (Xanthorrhoea 
preissii Endll.) and cycads (Macrozamia riedlei Fisch. Ex Gaud.) (Abbott and Loneragan, 
1986; Dell and Havel, 1989; Bradshaw and Mattiske, 1997). 
1.1.1 Role of Fire in Jarrah Forest 
 
Fire is an integral part of the forests of south-west Western Australia and both its short-term 
and long-term effects across the landscape are well documented (Abbott and Burrows, 2003). 
The incidence of fire in jarrah forest is controlled by factors such as weather, topography, 
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vegetation type, fuel amount and ignition sources (lightning and human caused). These 
factors influence the probability of ignition and the behaviour and extent of fire across the 
region (Gill et al. 1981; McCaw and Hanstrum, 2003). Evolution in the presence of fire has 
resulted in the development of many mechanisms and plant morphologies to enable survival 
and persistence in response to frequent fire events. These include obligate seeding, 
resprouting, fire ephemerals, rapid post-fire flowering and geophytes (Gill et al. 1981; 
Burrows and Wardell-Johnson, 2003).  
Climatic variations across the region influence the structure and composition of the forest 
overstorey, so that the amount of organic matter on the forest floor (fuel) is variable. The 
density of understorey vegetation, combined with the size, distribution and depth of fuel, 
dictate the intensity of fire (Bond and van Wilgen, 1996; McCaw, 2011). Climate not only 
affects the type and amount of fuel accumulated, but it also influences the seasonal patterns 
of fuel moisture through variations in rainfall, temperature and humidity. Fuel moisture 
determines the flammability and rate of combustion of woody fuels, thus influencing rate of 
spread and fuel consumption of each fire (Gill et al. 1981). Fire regimes are generally 
considered to have four interrelated components: fire frequency (how often fire occurs), 
season of fire (what time of year fire occurs), fire intensity (the heat output from fire) and 
area of burn (spatial distribution) (Gill et al. 1981; Bond and van Wilgen, 1996; McCaw and 
Hanstrum, 2003; Chafer et al. 2004). Fires can also vary in their type: subterranean fires 
which burn in organic layers of the soil; surface fires that burn the litter layer and understorey 
shrubs; and crown fires that burn in the canopies of trees (Bond and van Wilgen, 1996). 
These fire characteristics alter ecosystem processes, creating spatial and temporal changes in 
species composition, structure and fuel accumulation (Gill et al. 1981; Bradstock et al. 2002; 
Bond and Midgley, 2003; Burrows and Wardell-Johnson, 2003; Dixon and Barrett, 2003; 
Bond et al. 2005; Ooi et al. 2006). 
The dominance of jarrah across the forests of the south-west Western Australian landscape is 
testament to the ability of this species to survive and thrive in a fire-prone environment 
(Burrows and Wardell-Johnson, 2003). The development of lignotuberous growth forms and 
the capacity to resprout from epicormic buds are key biological characteristics that enable the 
species to persist in a low nutrient and fire-prone environment (Abbott and Loneragan, 1986; 
Abbott et al. 1989; Bell et al. 1989; Burrows and Wardell-Johnson, 2003). A lignotuber is a 
woody swelling at the base of the stem initiated in the axils of cotyledons and lower leafy 
shoots. It provides a source of buds, carbohydrates and nutrients in the event of death or 
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injury to above-ground parts of the individual following fire, drought and/or grazing. The 
lignotuber also enables individuals to persist in a severely suppressed (static) state for 
prolonged periods, until more favourable conditions arise (i.e. lowered competition and/or 
more growing space) (van Noort, 1960; Fensham and Bowman, 1992; Florence, 2004; 
Walters and Bell, 2005). The inherent ability of jarrah to persist in a suppressed state leads to 
uneven stand structures, with a wide variety of growth stages (multi-cohorts) being present at 
varying patch scales (Bradshaw, 1992; McCaw, 2011). 
Jarrah, as with other facultative resprouters, has the capacity to resprout from epicormic buds 
following crown scorch or defoliation (Bond and van Wilgen, 1996; Knox and Clarke, 2005). 
The rapid re-establishment of crown foliage following fire is possible, provided that the fire 
intensity is not severe enough to damage the stem tissue (i.e. phloem, cambium and xylem) at 
or near ground level, or below the position of the epicormic buds (Abbott et al. 1989; Bell et 
al. 1989; Burrows and Wardell-Johnson, 2003). When fire reaches an intensity sufficient to 
damage an individual severely, the tree’s ability to survive will depend on bark thickness and 
quantity of surrounding fine fuel (i.e. residual heating) (Burrows and Wardell-Johnson, 
2003). However, increased allocation of resources for fire survival, including storage reserves 
(i.e. lignotubers, epicormic sprouting) and fire protection (i.e. thicker bark) comes at the cost 
of reproduction and growth (Bond and van Wilgen, 1996; Bond and Midgley, 2003). In 
contrast to jarrah, tall eucalypt canopy species such as E. delegatensis (alpine ash) allocate 
more resources to reproduction and growth rather than to fire survival (Nicholle, 2006; 
Vivian et al. 2008). 
1.1.2 Jarrah Forest Silviculture 
 
Silvicultural practices are considered to be a manipulation of natural biological processes to 
achieve specific objectives (Köstler, 1956; Nyland, 2002; Florence, 2004; Baker and Read, 
2011). A common silvicultural objective in timber production forests is the promotion of 
seedling regeneration, and indeed successfully established and adequate regeneration is one 
of the key indicators of ecologically sustainable forest management (Lutze et al. 2004; 
McCaw, 2011). A primary issue when manipulating natural processes—in this case, 
regeneration—is to understand and manipulate factors that dictate and influence the processes 
themselves (Attiwill, 1994a, 1994b). The regeneration phase of a given plant species has been 
identified as being central to plant demography (Grubb, 1977; Eriksson and Ehrlen, 1992; 
Ribbens et al. 1994). For the successful regeneration of a given plant species, adequate 
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numbers of seeds must fall onto suitable germination sites to enable the establishment of new 
individuals. Factors which influence seed supply and the production of suitable germination 
sites therefore have the capacity to reduce the recruitment of new individuals (Cremer, 1971; 
Eriksson and Ehrlen, 1992; Battaglia and Reid, 1993; Young et al. 2005; Bailey et al. 2012). 
The natural regeneration capacity of jarrah following fire, combined with the persistent 
nature of the species, the durability of its timber and its widespread occurrence, has led to 
broad-scale timber harvesting activities from the late 1800s to the present (Abbott and 
Loneragan, 1986; Dell and Havel, 1989; Bradshaw, 1999; Stoneman et al. 2005; McCaw, 
2011). Bradshaw (1999) and Stoneman et al. (2005) describe the development of silvicultural 
practices in the jarrah forest, from uncontrolled timber cutting pre-1920 to the present 
multiple-use silvicultural approaches. Jarrah forest is managed for a range of values including 
sustainable timber production, but also for non-wood focused values such as water, mineral 
extraction, conservation of biodiversity, ecosystem health and vigour, soil and water quality, 
aesthetics, and recreation (CCWA, 2013). 
A range of silvicultural methods, developed in relation to the biological attributes of E. 
marginata, have been applied in the jarrah forest including: thinning to promote growth of 
retained trees; gap release to allow development of advanced growth; and shelterwood to 
promote seedling regeneration under retained trees (Anon., 1995, 2004, 2012; Abbott and 
Williams, 2011; McCaw, 2011; Figure 1.1). Where crop trees (trees with the capacity to grow 
vigorously into high value products) are deemed to be of sufficient density, thinning actions 
are undertaken. The thinning intensity of crop trees varies according to their size and other 
forest values (Anon., 2004, 2012). Where insufficient crop trees (<50% of required stocking) 
are present, but sites contain adequate stocking of advanced growth, gap cutting is preferred 
to release the advanced growth (Figure 1.1). Acceptable stocking rates for gap release are 
>200 stems ha-1 of saplings and/or coppice from stumps, or >350 stems ha-1 of jarrah or marri 
saplings/coppice, plus jarrah ground coppice and marri or wandoo advanced growth (see 
Anon. (2004, 2012) for more details). An increasingly used silvicultural method to attain 
these stocking rates, particularly across northern and eastern jarrah blocks, is shelterwood 
cutting (CALM, 2004). Where sites contain inadequate stocking of crop trees for thinning 
and insufficient seedling and ground coppice and saplings for gap release, a shelterwood 
method is preferred (Figure 1.2). Seedling coppice can be defined as lignotuberous seedlings 
that contain multiple shoots. Ground coppice comprises two distinct stages: incipient ground 
coppice which lacks a leading stem and dynamic ground coppice which contains a definite 
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leader stem among the multiple shoots (Abbott and Loneragan, 1986). The main reason for 
using shelterwood is to provide and promote seedling regeneration beneath an overstorey of 
retained trees in sites lacking sufficient numbers of ‘advanced growth’ (Anon., 1995, 2004, 
2012; Stoneman et al. 2005). 
 
Figure 1.1 Schematic summarising decision process and stand treatments in the jarrah forest (adapted from 
Bradshaw, 1987). Note: Bolding denotes sequence for shelterwood treatment; refer to Figure 1.2 
for details on Step 4. 
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1.2 Shelterwood-Treated Jarrah Forest 
 
1.2.1 The Shelterwood Technique 
Shelterwood cutting is a management tool used to enhance the development of an even-aged 
regrowth under the shelter of an overstorey, which is then removed some time later. This 
silvicultural method has primarily been used for species which are sensitive to exposure to 
extreme weather conditions, such as high winds, drought and low temperatures during the 
regeneration phase (Brose et al. 1999; Nyland, 2002, 2010; Florence, 2004; Walters and Bell, 
2005). In some cases though, particularly with jarrah (E. marginata), providing shelter for 
regeneration is not the primary objective of this silvicultural treatment (CALM, 2004; 
Stoneman et al. 2005). Many studies have shown that the prolonged retention of an 
overstorey can actually inhibit the growth of Eucalyptus seedlings and in many cases lead to 
higher mortality rates post-emergence (Kellas et al. 1988; Battaglia and Wilson, 1990; 
Stoneman, 1992; Faunt et al. 2006). As a result a ‘shelterwood-type’ cutting is employed in 
jarrah forest primarily to provide a seed source for regeneration in sites lacking sufficient 
numbers of advanced regrowth, rather than for the creation of a sheltered environment for 
germinants. When ground coppice has developed and sufficient numbers of advanced growth 
are present, the overstorey can be removed to allow the seedlings to develop into the 
overstorey. 
Therefore, the primary objective of treating jarrah forest to shelterwood is to promote 
seedling regeneration in areas lacking sufficient numbers of lignotuberous seedlings and 
other forms of advanced growth (Bradshaw, 1987; Anon., 1995, 2004, 2012). An acceptable 
stocking standard is 5000 ha-1 for seedlings, lignotuberous seedlings and seedling coppice, in 
high and moderate site potential jarrah forest. For jarrah forest of low site potential, the 
stocking rate is half that number (Anon., 2012). An overstorey is retained to maintain forest 
values and supply seed to the forest floor. Jarrah shelterwoods are typically treated to provide 
a minimum retained basal area of 8 m2 ha-1 in high rainfall zones (>1100 mm yr-1), 10 m2 ha-1 
in intermediate rainfall zone (900–1100 mm yr-1), and 6 m2 ha-1 in low rainfall zones (<900 
mm yr-1) (Anon., 1995, 2004; Figure 1.2). However, shelterwood treatment has generally 
been applied conservatively, retaining more basal area than the suggested minima (McCaw, 
2011).  
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Figure 1.2 Schematic summarising the process of shelterwood treatment in the jarrah forest (adapted from 
Bradshaw, 1987; Anon., 1995). Step 4 details the focus of this thesis in relation to the shelterwood 
treatment process.  
 
Where canopy seed crops are deemed sufficient, prescribed burning is used to promote seed 
fall. The timing of burning is applied to get maximum seed fall to coincide with the creation 
of ash beds (Figure 1.2; Cremer, 1971; White, 1971; Loneragan, 1979; Bell et al. 1989; 
Daskalakou and Thanos, 1996; Brose et al. 1999; Florence, 2004; Dooley et al. 2010; Meyer 
and Safford, 2011; Clarke et al. 2013). It is believed that the post-fire environment provides 
favourable conditions for the germination, early survival and growth of seedlings, by 
temporarily reducing seed predators and herbivores, and by reducing interspecific and 
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intraspecific competition for light and moisture from other plants (Cremer, 1965a; Facelli and 
Kerrigan, 1996; Enright et al. 1997; van der Meer et al. 1999; Di Stefano, 2001; Li et al. 
2003; Florence, 2004; Florentine et al. 2008; Neyland et al. 2009). Controlled regeneration 
and hazard reduction burns in jarrah forest are conducted under mild weather conditions 
when fuel moisture is appropriate in spring or autumn (Abbott and Burrows, 2003) and this 
raises the question of whether these conditions are optimal for maximising seed fall. 
Factors that could influence the spatial and temporal availability of seed supply and the 
production of favourable seedbeds for recruitment could therefore also have a significant 
influence on seedling regeneration in shelterwood treatments. To understand factors leading 
to the successful stocking of shelterwood-treated jarrah forest better, the natural regenerative 
sequence of jarrah from canopy seed store to seedling emergence has been identified as an 
area requiring further investigation (CALM, 2004; McCaw, 2011). The natural regeneration 
process of jarrah is strongly influenced by seasonal fluctuations and high inter-site and intra-
site heterogeneity (Abbott and Loneragan, 1986; Abbott et al. 1989). 
1.2.2 Pre-Burn Canopy Seed Crops 
 
A crucial stage in the treatment of jarrah forest to shelterwood is ensuring that large canopy 
seed crops are available when fire is applied, in order to release the largest quantity of seed 
possible onto suitable or ‘receptive’ seedbeds. The development of eucalypt seed follows a 
ubiquitous bud–flower–capsule–seed shed sequence (Cunningham, 1960; Ashton, 1975; 
Abbott and Loneragan, 1986; Wheeler, 2004; Florence, 2004; Semple and Koen, 2010). 
Careful monitoring of each developmental stage can provide important qualitative 
information on the likelihood of an area of jarrah trees to produce a good seed crop and on 
when that seed crop is likely to mature (CALM, 2004; Dooley et al. 2010; Semple and Koen, 
2010). Canopy capsule assessments are therefore a crucial stage in determining the timing of 
post-harvest burning in jarrah shelterwood (Anon., 1995, 2004). A number of different 
reproductive developmental stages can be found across a population's geographic range, 
including between stands within one locality, between individual trees within the same forest 
block, and within individual tree crowns. Variations in eucalypt canopy seed crops (quantity 
and distribution) have been linked at a broad scale to factors such as long-term seeding 
cycles, and at a local level to seasonal fluctuations, and variability in site factors (Neyland et 
al. 2003; Florence, 2004; Semple et al. 2007; Vesk et al. 2010). 
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1.2.3 Post-Harvest Burning 
 
Fire is often used in shelterwood coupes as a mechanism to accelerate the natural drying of 
eucalypt capsules so as to promote seed fall onto a receptive seedbed. The release of canopy-
stored seed is an important stage in the reproductive cycle of eucalypts, since the timing and 
quantities of seed released can have a strong influence on tree recruitment (Cremer, 1971; 
Eriksson and Ehrlen, 1992). The natural release of eucalypt seed has been shown by many 
studies to be climate dependent, with peak falls generally occurring in drier and hotter 
months of the year (Cremer, 1965; O'Dowd and Gill, 1984; Florence, 2004; CALM, 2004; 
Semple et al. 2007). Fire induces seed fall in eucalypts and other serotinous species by 
hastening the natural drying process of seed capsules. Rapid dehiscence of capsules can lead 
to a synchronised mass release of seed in the first few days or weeks following a fire 
(Christensen, 1971; O’Dowd and Gill, 1984; Whelan, 1986, 1995; Bassett and White, 1993; 
Bond and van Wilgen, 1996; Florence, 2004; Ooi et al. 2006; Clarke et al. 2013). The timing 
and amount of fire-induced seed fall is thus dependent on factors such as fire intensity (and 
factors that influence fire intensity), post-fire weather conditions and the size and maturity of 
the canopy capsule crops.  
The creation of suitable seedbed conditions for rapid recruitment is another key objective of 
silvicultural burning (Cremer, 1971; Bell et al. 1989; Facelli and Kerrigan, 1996; Brose, 
1999; Neyland et al. 1999, 2009; Hutchinson et al. 2005; Brose, 2010; Green et al. 2010). In 
general terms suitable or ‘receptive’ seedbeds can be described firstly in terms of the 
production and distribution of ash on the forest floor, secondly by the removal of understorey 
vegetation, leaf litter and coarse woody debris, and thirdly by the increased distribution of 
safe-sites or microsites for germination, emergence and establishment (Florence, 2004; 
Young et al. 2005; Bailey et al. 2010; Orscheg et al. 2011). The production of a receptive 
seedbed following fire is considered to have many positive effects including increased 
nutrient availability, reduced competition, and a reduction in allelopathic compounds in the 
soil (Adams et al. 2003; Certini, 2005). Using prescribed burning to create receptive seedbeds 
has been cited by many authors as an important factor for the successful establishment and 
growth of eucalypt seedlings (Cremer, 1965; Loneragan, 1979; Ashton, 1981; Yates et al. 
1996; Jennings et al. 2000; Neyland et al. 2009). The critical role of fire in producing a 
receptive seedbed is dependent on factors such as fire intensity and its drivers, weather 
conditions and the amount and distribution of organic material (Burrows, 1999 a, b; Abbott 
and Burrows, 2003; McCaw and Hanstrum, 2003; McCaw, 2011). 
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1.2.4 Seedling Regeneration 
 
Successful germination and establishment of seedlings are processes essential for 
ecologically sustainable forest management (Lutze et al. 2004; Neyland et al. 2009; McCaw, 
2011). The availability and quantity of seed and the creation of suitable seedbed conditions 
for germination, emergence and establishment, have both long been recognised as important 
factors limiting recruitment (Eriksson and Ehrlen, 1992; Florence, 2004; Bailey et al. 2012 
Vesk et al. 2010; Orscheg et al. 2011). Shelterwood-treated jarrah forest presents an 
interesting situation to test the influences of seed supply and seedbed limitation on jarrah 
recruitment, as both are manipulated in an attempt to achieve adequate stocking of seedling 
regeneration beneath retained crop trees. 
Despite the widespread and progressive implementation of the shelterwood method (now 
applied to >40% of total harvested area), its application in jarrah forests has shown varying 
degrees of success (CALM, 2004). For example, the Department of Parks and Wildlife 
(formerly the Department of Environment and Conservation) FORESTCHECK monitoring 
project identified that ten years after treatment, over half the grids established in shelterwood-
treated jarrah forest did not meet specified standards for regeneration stocking (Abbott and 
Williams, 2011). The reasons underlying this variability have, as yet, not been clearly 
identified (CALM, 2004; McCaw, 2011). This thesis explores the critical role that seed 
supply and the quality of seedbed conditions play in successful seedling regeneration in 
shelterwood-treated jarrah forest. It is hoped that a better understanding of these potentially 
limiting, but manipulatory factors, will provide information to improve long-term 
silvicultural management practices in the jarrah forests of south-west Western Australia. 
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1.3 Thesis Objectives 
 
This thesis seeks to investigate and better understand the roles of seed supply and seedbed 
conditions in promoting successful seedling regeneration in shelterwood-treated jarrah forest. 
It addresses the following questions from an ecological and management perspective: 1) can 
an adequate seed supply and favourable seedbed conditions be effectively managed and 
produced in shelterwood-treated coupes?; and 2) can the timing of seed supply and suitable 
seedbed conditions be reliably and frequently manipulated so that they coincide to produce 
successful seedling regeneration following a disturbance event such as post-harvest burning? 
To address these broad themes, the approach used was to investigate stages in shelterwood 
management that influence both seed supply and seedbed conditions (Figure 1.2). These 
included the assessment of pre-burn canopy capsule crops, the use of post-harvest 
prescription burning to promote seed fall and create suitable seedbed conditions, and the 
comparative roles each plays in successful seedling regeneration. 
Chapter 2 sought to provide information on field experiments including study site selection 
and locations, study site selection limitations, harvesting information and study site details, 
together with the overall research design methodology. This chapter served only to provide 
general information regarding field experimentation with detailed and specific descriptions of 
materials and methods being provided in each individual chapter.  
Chapter 3 sought to refine both canopy crop assessments in jarrah trees and the development 
of a more accurate and practical method of assessing seed crops in individual trees. The 
objectives of this study were: (i) to determine relationships between stem diameter and other 
predictor variables; (ii) to develop and test the accuracy of seed crop estimation models; (iii) 
to compare the precision of the final model to existing seed crop estimation techniques, 
including the Stoneman (2003) Assessment Model and Binocular Assessment technique; and 
(iv) to evaluate the practicality of the refined model for field application in shelterwood 
management. 
Chapter 4 assessed the role of prescribed burns, under mild conditions, in the promotion of 
seedbed conditions suitable for regeneration in shelterwood-treated jarrah forest. The 
objectives of this study were: (i) to quantify fire behaviour of these regeneration burns; (ii) to 
quantify the removal of leaf litter, understorey vegetation and coarse woody debris by fire; 
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(iii) to quantify the types of seedbed produced; and (iv) to examine the influence of season of 
burn on the production of suitable seedbed conditions. 
Chapter 5 investigated patterns of pre-burn aerial seed crops and seed fall following low 
intensity prescribed burning in shelterwood-treated jarrah forest. The objectives of this study 
were: (i) to describe the spatial patterns of pre-burn canopy seed crops, and factors 
influencing this variation; (ii) to describe the spatial and temporal patterns of fire-induced 
seed fall, and factors influencing this variation; and (iii) to determine if pre-burn canopy 
capsule crop assessments are a good predictor of post-burn seed fall. 
Chapter 6 sought to investigate the comparative roles that seed supply and seedbed conditions 
play in limiting recruitment of E. marginata in shelterwood-treated jarrah forest. The 
objectives of this study were: (i) to quantify the numbers of emergent and established jarrah 
seedlings in shelterwood; (ii) to determine the role of broad-scale factors such as burning, site 
and season, in influencing the numbers of emergent and established jarrah seedlings; and (iii) 
to examine factors influencing the numbers of emergent and established jarrah seedlings at a 
fine scale. 
Chapter 7 synthesises the findings of the study in the context of the overall thesis objectives. 
Specifically, this chapter addresses the two broad research questions posed at the onset of the 
study. Firstly, can seed supply and seedbed conditions be effectively managed and produced 
in shelterwood-harvested coupes? Secondly, can the timing of seed supply and suitable 
seedbed conditions be reliably and frequently managed to produce successful seedling 
regeneration following a disturbance event such as post-harvest burning? 
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Chapter 2 
Site Selection and General Methods for Field 
Experiments 
 
2.1 Introduction 
 
This chapter provides general information on study site selection and locations, study site 
selection limitations, harvesting information and study site details, together with the overall 
research design methodology. Detailed and specific descriptions of materials and methods 
used are provided in each individual chapter. 
2.2 Site Selection and Locations 
 
The selection of study sites was dependent on the availability of harvesting coupes that had 
recently been treated to shelterwood and were soon to be burnt. With the aid of the 
Department of Parks and Wildlife (DPaW; formerly Department of Environment and 
Conservation) and Forest Products Commission (FPC) staff, a list of potential research sites 
that fitted within the study time frame were identified. Sites were also chosen to provide for 
the widest geographic range possible and thus include sites with varying degrees of rainfall 
and stand structures. The majority of sites were located in the northern jarrah forest, with the 
Greenbushes and Wilga study sites being on the southernmost boundary of this region (Dell 
and Havel, 1989). The Helms study site was located in the southern jarrah forest (Figure 2.1). 
2.3 Site Selection Limitations 
 
A large number of potential research sites were initially identified. Unfortunately, due to 
external factors, only nine were able to be used. The Dale, Morgan, Chalk and Palmer sites 
were burnt in spring and the Helms and Wilga sites were burnt in autumn. Canopy capsule 
assessments were undertaken at Taree, Arcadia and Greenbushes, as it was anticipated that 
these sites would be burnt. However, due to a change in weather conditions, they were not 
burnt and remained unburnt for the duration of the study period. 
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Figure 2.1 Named places in south-west Western Australia and the location of the study sites. Note: sites are 
listed and numbered from north to south.   
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A number of pre-selected sites were either not burnt or were not available, contrary to 
previous advice from management bodies during the study period. This was particularly 
relevant for sites expected to be burnt in autumn, and occurred despite efforts to significantly 
extend the time allocated for field studies, in the hope that additional autumn sites would be 
burnt. The main reasons for the unavailability of sites included incomplete harvesting 
treatments (tops disposal) and weather conditions being unsuitable for post-harvest prescribed 
burns (both for ignition and smoke dispersal). Tops disposal is the removal of residues larger 
than 7.5 cm diameter from around marked habitat trees and refuges to ensure their protection 
from fire (Anon., 2004). 
Insufficient autumn replication was due to circumstances beyond the control of the 
researcher, which resulted in analytical problems and constrained the discussion of seasonal 
trends (i.e. comparisons between spring and autumn treatments). This shortcoming is 
recognised and explicitly stated throughout the thesis.  
In addition to pre-selected sites being either unavailable or not burnt, extensive vandalism 
occurred within the study sites, causing experimentation to be abandoned in a number of 
cases. The highly visible nature of aluminium seed traps and the close proximity of some 
sites to commonly-used unsealed roads meant that many traps and fence droppers were either 
stolen or totally destroyed. The first time this occurred (at a Palmer control transect), seed 
traps were replaced the following week, but on return one week later the traps were again 
totally destroyed. As a result, the researcher was forced to exclude some sites and site 
transects from some analyses. 
2.4 Harvesting and Burn Data 
 
Information on the year of harvest, shelterwood preparation (removal of understorey 
completion and seedbed preparation), seed forecast and regeneration burns for each study site 
were obtained from the DPaW Forest Management Information System (FMIS) database and 
are presented in Table 2.1. With the exception of the Chalk study site, harvested in 2001, all 
sites were harvested within three years of one another and burnt either in 2007 or 2008. 
  
16 
 
Table 2.1. Harvesting and burn dates for study sites. Note: n/a = not available. 
 
 
2.5 Study Site Details 
 
The study was undertaken in nine shelterwood-treated coupes, six of which were burnt: Dale 
and Palmer in the spring of 2007, Helms and Wilga in the autumn of 2008, and Morgan and 
Chalk in the spring of 2008. Further site details are provided in later chapters. Limitations 
regarding selection and use of study sites have been detailed in Section 2.3. Rainfall data 
were obtained from the Bureau of Meteorology website, using the most representative 
weather station to each study site. These were Beverley (Dale study site), Collie East (Palmer 
and Chalk study sites), Wandering (Morgan study site) and Bridgetown (Wilga and Helms 
study sites). Rainfall over the study period was similar to long-term averages for all of the 
study sites, except for Palmer and Chalk. 
 
Table 2.2 Summary of study site details including block name, month and year of canopy crop assessment, 
season of burn, number of burnt transects, number of unburnt transects, long-term average annual 
rainfall and total rainfall for the study period. Note: rainfall data for the study period (one year 
starting from burn date) were obtained from the Bureau of Meteorology website. * = Rainfall data 
were irrelevant as the sites were not burnt. 
 
 
 
Dale 32°13'S, 116°23'E 2004 n/a n/a 22/10/2007
Palmer 33°17'S, 116°14'E 2005 2007 2007 15/10/2007
Helms 33°57'S, 115°39'E 2006 2006 2008  12/4/2008
Wilga 33°44'S, 116°11'E 2006 2006 2007  12/4/2008
Morgan 33°02'S, 116°27'E 2006 n/a n/a  9/10/2008
Chalk 33°05'S, 116°18'E 2001 n/a n/a 11/10/2008
Taree 32°51'S, 116°16'E 2005 2005 n/a not burnt
Arcadia 33°28'S, 115°58'E 2006 2006 2007 not burnt
Greenbushes 33°53'S, 116°01'E 2007 2007 n/a not burnt
Post-Harvest BurnSite Location
Shelterwood 
Harvest
Jarrah Shelterwood 
Preparation
Jarrah Seed      
Forecast
Dale Oct-07 Spring '07 5 2 415 448
Palmer 0ct-07 Spring '07 5 1 843 669
Helms Mar-08 Autumn '08 4 2 767 724
Wilga Mar-08 Autumn '08 5 2 767 709
Morgan Sep-08 Spring '08 5 2 506 516
Chalk Sep-08 Spring '08 4 2 843 720
Taree Oct-07 not burnt 0 7 * *
Arcadia Oct-07 not burnt 0 5 * *
Greenbushes Mar-08 not burnt 0 4 * *
Site
Seed Crop 
Assessment
Number of Burnt 
Transects
Numer of Unburnt 
Transects
Long-term Average 
Annual Rainfall (mm)
Total Rainfall for 
Study Period (mm)
Season of 
Burn
17 
 
2.6 Sample Design 
 
2.6.1 Broad-Scale Transects 
Broad-scale transects were used for the following purposes: i) to assess environmental 
variables before and after burning, including canopy cover, litter depth, shrub height and 
cover, and coarse woody debris; ii) to assess post-burn seedbed condition, specifically the 
cover of leaf litter ash, non-burnt leaf litter, areas burnt to mineral soil, non-burnt mineral soil 
and log ash; and iii) to determine the number and location of emergent and established jarrah 
seedlings. 
Study transects consisted of 200 x 1 m long belt transects, randomly established across each 
of the study sites (200 m2), with a 25–50 m buffer from roads/trails/tracks to the start of each 
transect. Transects were separated by at least 100 m, and generally 200 m. Transects were 
marked at the 0 m, 50 m, 100 m, 150 m and 200 m marks using 1.5 m fence droppers. Where 
sites contained mixed harvesting treatments, visual assessments and FPC harvesting maps 
were used to identify shelterwood-treated areas within the coupes.  At each site, transects 
were located in both burnt and unburnt areas, the latter acting as a form of control to assess 
the effects of fire. 
Study transects were stratified (sectioned) into two types of cover: directly under tree canopy; 
and in open areas (not directly under tree canopy). Sections were marked with 1 m fence 
droppers and the section number and section length recorded. Given insufficient site 
replication (Section 2.3), the main unit of replication throughout this thesis was generally 
individual site transects. This enabled both inter-site and intra-site variability to be calculated 
and compared. This was justified given the spatial separation of transects from one another. 
2.6.2 Fine-Scale Microsites 
 
Six randomly placed sites were established along each transect, three directly under canopy 
and three between canopies (Bassett, 2002). Prior to burning, the location of each microsite 
was marked with 1.5 m stakes. Pre- and post-burn environmental measurements, seedbed 
condition assessments and emergent and established seedling surveys were undertaken for 
each microsite as per the broad-scale transect methods outlined above. Prior to burning, 
equipment to measure fire characteristics were established at each microsite and canopy 
capsule crops were assessed. The day after burning, seed traps were fixed into position at 
previously marked locations and fire behaviour indicators were removed and analysed back at 
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the laboratory. A post-burn assessment of maximum canopy scorch height and percentage 
canopy scorch was made at each point after establishing the seed trap. 
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CHAPTER 3 
Refining Capsule Crop Assessments in Jarrah Trees 
(Eucalyptus marginata): Development of a More 
Accurate and Practical Method 
 
 
 
Plate 3.1. Mechanical Tree Harvester Felling a Jarrah Tree in Balmoral Forest Block. Photo J. Cargill 
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3.1 INTRODUCTION 
 
Seed tree retention in the jarrah forests of south-west Western Australia is an integral part of 
shelterwood, a common silvicultural method in which partial harvesting of trees is employed 
to provide natural seed in areas where insufficient regeneration exists (Cremer, 1971; 
Stoneman et al. 1989; Anon, 2004; CALM, 2004; McCaw, 2011). Post-harvest burning is 
used in jarrah shelterwood to promote seed fall and to provide a receptive seedbed for 
seedling establishment and growth (Abbott and Loneragan, 1986; Anon, 1995; Anon, 2004). 
Post-harvest burning can enhance stand regeneration by the induction of large-scale seed fall, 
while at the same time ensuring the creation of a receptive, nutrient-rich seedbed (Cremer, 
1971; Neyland et al. 1999; Florence, 2004). The post-fire environment also provides 
favourable conditions for the germination, early survival and growth of seedlings, by 
reducing competition for light and moisture from other plants (Stoneman et al. 1994; 
Burrows and Wardell-Johnson, 2003). Successful regeneration following post-harvest 
burning is particularly important in forests where a single species may dominate the 
overstorey, since silvicultural methods are typically developed and implemented with the 
expressed intention of regenerating that dominant species. This has been the case in the jarrah 
forests of south-west Western Australia. Despite the coexistence with marri (Corymbia 
calophylla) in many places, these forests provide a largely jarrah-dominated overstorey 
covering some 1.57 million hectares (Abbott and Loneragan, 1986; Dell and Havel, 1989; 
McCaw, 2011). 
The inability to promote the successful natural regeneration of the target species through 
post-harvest burning can have a marked negative impact on forest structure, species 
composition and sustainable timber production. Where insufficient jarrah seed in the canopy 
coincides with post-harvest disturbance, limited jarrah recruitment is likely and other tree 
species such as marri (C. calophylla) and sheoak (Allocasuarina spp.) may become more 
abundant. This is compounded by the fact that jarrah, as is the case for many other eucalypts, 
has high early seedling mortality (Abbott and Loneragan, 1986; Stoneman et al. 1994). 
A critical component required for the successful promotion of regeneration in eucalypt forests 
is the accurate quantification of seed availability. This ensures that post-harvest management 
activities such as fire, applied to enhance seedling recruitment, coincide with optimum seed 
crop levels. The process of assessing canopy seed crops is thus pivotal to achieving 
silvicultural objectives. A number of methods have been used to estimate canopy seed crops 
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in Australian eucalypt forests (Table 3.1). Cremer (1971) used a combination of visual crown 
assessments and seed traps to estimate seed crops in E. regnans (mountain ash). Loneragan 
(1979) and Yates et al. (1994) used the modular structure of E. diversicolor (karri) and E. 
salmonophloia (salmon gum) respectively, to estimate seed crops using branch sub-sampling. 
Estimates of capsule numbers in the crown were obtained by multiplying the number of 
crown units by the number of floral components per unit. The number of capsules per unit 
was assessed visually by Yates et al. (1994), while Loneragan (1979) used both visual 
assessments and shooting of representative branch units to calculate the number of capsules 
per unit. Bassett et al. (2006) extended these methods by estimating seed crops using 
allometric relationships between stem diameter and crown size in E. sieberi (silvertop ash), E. 
globoidea (white stringybark) and E. baxteri (brown stringybark). Their study developed 
predictive regression models which related stem diameter with the number of branchlets per 
tree. They estimated the number of capsules per branchlet using photo standards categorised 
into capsule density classes. They obtained the final estimate of total capsule number by 
multiplying the estimated number of branchlets with the estimated number of capsules per 
branchlet. Vesk et al. (2010) estimated seed numbers per tree in E. microcarpa (western grey 
box) using the branch sub-sampling and allometric relationships between stem diameter and 
crown components developed by Hamilton et al. (2005).  
The model for estimating the number of capsules per jarrah tree currently used in the jarrah 
silvicultural procedures manual was developed by Stoneman (2003). This model makes an 
estimation of the number of capsules as a function of stem diameter and the density of 
capsules in the tree crown. In this model, an allometric relationship developed by Hingston et 
al. (1990) is used to estimate the total weight of capsules per tree. The estimated total weight 
of capsules per tree is then converted to the number of capsules per tree, given the average 
weight of an individual capsule to be 0.7 grams (CALM, 2004). The number of capsules per 
tree is then converted to capsules per hectare and then seeds per hectare (based on 1.56 seeds 
per capsule on average) to determine, from known seed fall data, what constitutes a heavy, 
medium, light and very light canopy seed crop (CALM, 2004). A final capsule model of the 
number of capsules per tree size class (diameter at breast height over bark) in relation to the 
density of capsules in the crown is then produced. However, it is clear from Stoneman’s 
(2003) concluding remarks that these estimates were derived from data collected by Hingston 
et al. (1990) which were not designed with the specific purpose of estimating seed crops. As 
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a result, the validity of this model needs to be tested, and where necessary, methods to 
improve the accuracy of the Stoneman (2003) capsule derivation model need to be devised. 
Although a variety of methods have been used to estimate seed crops in eucalypts, the 
development of quantitative models has been limited by the logistical constraints posed by 
felling enough large trees to verify the allometric relationships between seed capsule numbers 
and other tree morphological attributes, such as stem diameter, tree height, crown width, and 
depth of leafy crown. The highly-varied (non-modular) nature of the jarrah crown in 
structure, symmetry, condition and size is recognised as a problem. Hence, to validate a 
predictive model of seed crop size it is probably more effective to analyse whole tree 
canopies rather than undertake branch sampling. Branch sub-sampling may not be 
appropriate because the non-modular arrangement of the tree crown could lead to a high 
degree of error within and between seed crop assessments of individual trees. 
An accurate and practical system in assessing seed crops in individual trees, which also 
incorporates natural and geographic variations, is needed to enhance the development and 
flexibility of long-term sustainable harvesting procedures. The objectives of this study were: 
(i) to determine the relationships between stem diameter and selected predictor variables; (ii) 
to develop and test the accuracy of seed crop estimation models; (iii) to compare the 
precision of any refined model(s) to existing seed crop estimation techniques, including the 
Stoneman (2003) model and binocular assessment techniques; and (iv) to evaluate the 
practicality of any refined and improved model(s) developed, for field application. 
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Table 3.1. A comparison of parameters included in different seed crop assessment techniques for eucalypt trees used in the field and for developing and testing the field 
methods. 
 
Field Seed-Crop Measurements and Assessments
Tree Diameter - - - - + + +
Subjective Assessment of Capsule Density (per tree crown) + - - - + - -
Subjective Assessment of Capsule Density (per representative branchlet) - - + + - + -
Crown cover - + - - - - -
Development and Testing of Seed-Crop Assessement Technique
Extrapolation from branch sub-sampling - + + + - + +
Extrapolation from seed fall data + - - - - + -
Extrapolation from caspsule fall data - - - - + - -
Extrapolation from visual capsule counts (whole tree crowns) + - - - - - -
Model tested by felling  whole trees - - - - - + -
Vesk et al. 
(2010)
 + Denotes the parameter is used in the method; - denotes the parameter is not used in the method.
Cremer           
(1971)
Loneragan 
(1979)
Yates et al . 
(1994)
Jurskis & Grigg 
(1996)
Stoneman 
(2003)
Bassett et al . 
(2006)
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3.2 METHODS 
 
3.2.1 Tree Selection 
Jarrah trees were selected in areas subject to commercial harvesting operations within the 
northern jarrah forest at Balmoral (32°24'S, 116°12'E), Duncan (32°37'S, 116°18'E), Cobiac 
(32°20'S, 116°11'E) and Amphion (32°46'S, 116°13'E) forest blocks. Selection of individual 
trees was influenced by access to mechanical tree harvesters and the willingness of harvesting 
contractors to undertake the procedure. Extensive visual surveys were conducted prior to 
harvesting in order to choose 24 trees that represented a wide range of stem diameters, seed 
crops, crown sizes and canopy conditions. Once selected, the location of each tree was 
recorded by GPS and assessed using the procedures outlined below. 
3.2.2 Tree Assessments 
The following measurements were taken prior to the felling of each tree: stem diameter 
(DBH) in cm at breast height (1.3 m), tree height, depth of leafy crown and crown width, all 
in metres. Crown assessments followed methods described by Whitford (1991), with the tree 
crown being defined as the main outline of contiguous leaf clumps. Crown width was 
measured by sighting a plumb line and measuring the distance between opposite edges of the 
tree crown. Depth of leafy crown was calculated as tree height minus the height of the stem to 
the base of the main crown outline (Whitford, 1991). Grimes’ (1978) assessments of crown 
size (1–5) and crown density (1–5) were also obtained. Crown size assessment ranked the 
development (size, shape and evenness) of the crown relative to stem diameter, whereas 
crown density assessed foliage density by ranking leaf clumps and the distribution of those 
clumps within and across the crown outline (Grimes, 1978; Whitford, 1991). 
3.2.3 Crown Capsule Assessments 
Two experienced observers estimated the number of capsules per jarrah tree using the 
Stoneman (2003) model, which estimates the number of capsules per tree, based on the stem 
diameter and a rating of the density of capsules in the crown. 
Binocular estimates of total capsule numbers were made using similar techniques to those 
developed by Koenig et al. (1994) for estimating acorn yields and by Yates et al. (1994) for 
estimating capsule numbers in E. salmonophloia crowns. An estimate was made for each tree 
by identifying and counting a series of representative branches in the crown, that is, branches 
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that were structurally similar and contained similar capsule numbers to one another, when 
viewed using binoculars. Then, for each representative branch, the numbers of capsules were 
counted, giving an estimate of the total number of capsules per tree. 
It became evident that an accurate determination of the density in the crown was needed—
both of capsules (capsule clumping) and the distribution of the capsule clumps. A method 
similar to Grimes’ (1978) was used to assess the density of individual clumps (density being 
defined by the spatial proximity of individual capsules to one another) and the spatial 
distribution or coverage of those clumps throughout the crown. The density of capsule 
clumps was determined using random density grids, in 10% intervals, printed on clear plastic 
sheets held up to the canopy. Capsule clumps were clearly visible at the extremities of the 
crown, as the surrounding leaves are lost in the advanced stages (red to brown) of capsule 
development. 
Table 3.2. Capsule clump density categories (0–5) and a description of the characteristics of each category. 
 
Capsule clumps were rated on a scale of 0–5, 0 being ‘no capsule clumps’ and 5 being ‘very 
dense clumps’ (Table 3.2). Capsule clump distribution was also rated on a scale of 0–5, 0 
being 'no capsules' and 5 being an 'even distribution' (Table 3.3). 
 
 
 
 
Descriptions
Very sparse clump1
0 No capsule clumps No or very few capsules in the crown.
Capsules in very sparse clumps are all widely dispersed. Capsules are scattered to the extent that they do 
not really form clumps.
3 Average density clump
Capsules in average density clumps are typically all separated by more than one capsule width (20% to 
30% density in the clump). Where present, leaves separate the capsules.
2 Sparse clump
All capsules in sparse clumps are widely dispersed with much more than one capsule width separating 
capsules. Density in the clump is no more than 10%. More than one capsule width separates each capsule.
Capsules in very dense clumps are closely spaced and the majority of capsule in each clump are in contact 
with surrounding capsules. No leaves separate capsules in the clump. Very dense capsule clumps have 60% 
or greater density in the clump.
Very dense clump5
Dense clump4
Capsules in dense clumps are closely spaced; some capsules are in contact with surrounding capsules. 
Leaves may separate some capsules. Dense clumps have 40% to 50% density in the clump. 
Capsule Clump Density 
Classifications
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Table 3.3. Capsule clump distribution categories (0–5) and a description of the characteristics of each 
category. 
 
3.2.4 Tree Felling 
Before felling a tree, the crown impact area was identified and large sheets of cloth and 
tarpaulins were placed on the ground to ensure twigs, branches and capsules shaken loose by 
the fall were captured. Two methods of felling were used. Initially, a chainsaw was used to 
fell trees, but due to the large impact of the fall on the tree crown, especially for large trees, a 
mechanical tree harvester was later used to place each tree intact on the ground. Five of the 
twenty-four trees were felled by chainsaw. 
3.2.5 Stripping and Counting Capsules 
After felling the tree, all the capsules were stripped off the branches with a purpose-built seed 
capsule stripper. Capsules that were dislodged as the tree fell were collected from the 
tarpaulins by hand. 
Capsules were counted in the laboratory. Small samples were counted by hand and large 
samples were counted using a sub-sampling technique. This consisted of counting 500 
capsules from each sample and recording the weight. The entire sample was then weighed 
and divided by the weight recorded for the 500 capsules. In addition to total counts, samples 
of capsules were sorted and counted based on whether they were open or closed. Smaller 
samples (<2000) were hand counted and larger samples (>2000) were sub-sampled to 
estimate total numbers of open and closed capsules for each tree. 
Reasonable distribution
Reasonably distributed clumps are more widely separated than clumps that are evenly distributed, but are 
not restricted to only part of the crown.
2 Poorly spread
Poorly spread clumps have a worse distribution than uneven distribution, i.e. they occupy less of the 
crown and less than one quarter of the crown.
1 Very few capsules
Very few capsules in the crown. Occasionally a capsule is seen in the crown. These are few in number and 
very widely dispersed or consist of a few small clumps.
Capsule Clump Distribution 
Classifications Descriptions
5 Even distribution Evenly distributed clumps are clumps that are consistently spread throughout the crown.
0 No Capsules No or very few capsules occur in the crown.
4 Uneven distribution
Unevenly distributed clumps occur only in part of the crown e.g. only on the upper surface of the crown, 
but occur on one third to one half of the crown.
3
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3.2.6 Data Analysis 
As stem diameter at breast height (DBH) and actual capsule number (AC) were highly 
skewed towards low values and showed a high degree of heteroscedasticity, the values were 
transformed to natural logarithms (ln) to normalise the data and stabilise variance. Pairwise 
correlations of tree and capsule measurements were determined using the Pearson correlation 
coefficient. Models for predicting lnAC were based on eight predictor variables measured 
from 24 trees. Models were fitted to the data using linear regression analyses of various 
combinations of predictor variables; best fit was evaluated by adjusted R2 values. Regression 
analyses, Pearson correlation matrices and descriptive statistics were determined using IBM 
SPPS Statistics v. 19.0. 
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3.3 RESULTS 
 
3.3.1 Relationships Between Stem Diameter and Predictor Variables 
Mean values and variability across the 24 trees measured are shown in Table 3.4 for each of 
the variables measured or estimated. Trees were recorded across a wide range of physical 
attributes including stem diameter, tree height, depth of leafy crown and crown width. 
Subjective crown assessments encompassed a range of crown sizes and crown foliage 
densities, as well as capsule clump densities and capsule clump distributions. Across the 24 
trees measured, actual number of capsules in the crown exceeded both binocular estimates 
and Stoneman model estimates. 
Tree height (TH), depth of leafy crown (DLC) and crown width (CW) were shown to be 
strongly correlated with the natural logarithm of stem diameter (DBH) (Table 3.5). The 
natural logarithms of actual capsule number (AC), stem diameter (DBH), tree height (TH), 
crown width (CW), capsule density (CDEN) and capsule distribution (CDIS) were all 
strongly correlated. 
Table 3.4. Summary statistics for jarrah tree variables including mean, standard error (S.E.) of mean, and the 
minimum and maximum values recorded for each variable (n = 24). 
 
 
 
 
 
 
 
 
 
Variable Units Description Mean S.E. Min. Max.
DBH cm Stem diameter at breast height (1.3 cm) 52.1 5.8 8.5 108.5
TH m Tree height to top of crown 18.7 1.5 3.7 31.2
DLC m Depth of leafy crown = TH - height (m) to base of crown 7.7 0.9 0.5 13.9
CW m Crown width 7.9 0.8 1.5 15.8
CS Unitless Grimes crown size assessment 3.3 0.1 2.5 4.3
CD Unitless Grimes crown density assessment 5.1 0.2 3.0 7.0
CDEN Unitless Capsule clump density assessment 2.1 0.2 0.5 3.5
CDIS Unitless Capsule clump distribution assessment 2.9 0.3 1.0 5.0
BE Unitless Binocular estimate of total capsule number 3471 915 100 20000
SM Unitless Stoneman model estimate of total capsule number 2639 575 100 9950
AC Unitless Actual number of capsules in the crown 12263 3243 216 53430
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Table 3.5. Pearson correlation (r) matrix for tree component and capsule measurements. AC = ln (Actual 
Capsule Count); DBH = ln (Stem Diameter in cm); TH = Tree Height (cm); DLC = Depth of Leafy 
Crown (cm); CW = Crown Width (cm); CS = Crown Size; CD = Crown Density; CDEN = Capsule 
Clump Density; CDIS = Capsule Clump Distribution (n = 24). 
 
3.3.2 Testing the Accuracy of Capsule Crop Assessment Models 
Several models were tested to predict the natural logarithm of actual capsule count. Initially, 
linear regression analysis used all the available variables in the model (Table 3.6), including 
physical measurements (natural logarithms of stem diameter, tree height, depth of leafy 
crown and crown width) and subjective estimates (crown density and size and capsule density 
and distribution). The relationship between the natural logarithms of actual count and 
predicted actual count using the above variables produced an R² of 0.89 (Table 3.6, Figure 
3.1). Removing the subjective assessments of capsule density and distribution from the initial 
model greatly reduced its predictive ability; an adjusted R² of only 0.31 (Table 3.6). The final 
predictive model used only those variables which are easily measured, including stem 
diameter and capsule density and distribution, to provide an R2 of 0.85 (Table 3.6, Figure 
3.2). The residuals of this final model were deemed to be normally distributed based on 
normal probability plots (i.e. points falling along a diagonal line) and the Shapiro-Wilk test 
(df = 24, W = 0.98, p = 0.82). 
 
 AC DBH TH DLC CW CS CD CDEN CDIS
AC 1.00
DBH 0.58** 1.00
TH 0.51** 0.92** 1.00
DLC 0.37 0.88** 0.83** 1.00
CW 0.53** 0.92** 0.83** 0.78** 1.00
CS 0.37 0.51** 0.49* 0.45* 0.58** 1.00
CD -0.12 -0.04 0.12 0.04 -0.18 -0.13 1.00
CDEN 0.73** 0.26 0.10 0.11 0.22 0.21 -0.35 1.00
CDIS 0.55** 0.04 -0.05 -0.04 -0.01 0.06 -0.29 0.78** 1.00
** Correlation is significant at the 0.01 level (2-tailed).
*   Correlation is significant at the 0.05 level (2-tailed).
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Table 3.6. Variable coefficients for regression equations estimating the total number of capsules in the tree crown of E. marginata. Note: dependent variable is the 
natural logarithm of actual count; B = regression coefficient; s.e.e = standard error of estimate; DBH = natural logarithm of stem diameter at breast height; TH 
= tree height (m); DLC = depth of leafy crown (m); CW = crown width (m); CS = crown size; CD = crown density; CDEN = capsule clump density; CDIS = 
capsule clump distribution (n = 24).  
Model B F R2 Adj R2
DBH TH DLC CW CS CD CDEN CDIS
1 0.61 (0.85) 0.09 (0.05) -0.09 (0.07) -0.04 (0.11) -0.007 (0.35) -0.073 (0.15) 1.22 (0.25) -0.02 (0.20) 3.30 14.80 0.89 0.83
2 3.02 (1.56) -0.02 (0.09) -0.22 (0.13) -0.07 (0.18) -0.19 3.53 0.43 0.31
3 3.14 (1.65) -0.01 (0.09) -0.22 (0.14) -0.14 (0.22) 0.40 (0.72) -0.13 (0.32) -0.94 0.25 0.44 0.25
4 0.57 (0.37) 0.05 (0.17) 1.42 (0.29) -0.14 (0.24) 3.59 15.15 0.76 0.71
5 1.50 (0.29) -0.17 (0.24) 5.62 28.50 0.73 0.70
6 0.84 (0.21) 1.11 (0.24) 0.072 (0.19) 2.69 37.83 0.85 0.83
Variables: B (s.e.e)
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Figure 3.1. Linear regression showing the relationship between the natural logarithm of actual count (x-axis) 
and the predicted actual count (y-axis) of capsules of E. marginata using all the variables (Model 1 
in Table 3.6). Dashed line = 95% confidence limits. 
 
 
Figure 3.2. Linear regression showing the relationship between the natural logarithm of actual count (x-axis) 
and the predicted actual count (y-axis) of capsules of E. marginata using: natural logarithm of 
stem diameter and capsule clump density and distribution (Model 6 in Table 6). Dashed line = 
95% confidence limits. 
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3.3.3 Testing the Precision of Capsule Crop Assessment Models 
 
Comparisons of actual numbers of capsules counted with the two visual assessment 
techniques — the Stoneman model (SM) and binocular estimates (BE) — revealed significant 
differences (t = 3.1 and t = 0.005 p = <0.01, n = 24, respectively; Figure 3.3). In every case 
except one (tree 7), the actual number of capsules was higher than the estimated value using 
both the Stoneman model and the binocular estimates. The correlation between the Stoneman 
model estimates and actual capsule numbers as measured using R² was 0.29. The discrepancy 
between actual numbers and the estimated number of capsules (using both SM and BE) 
displayed a high degree of heteroscedasticity. The degree of discrepancy between the models 
generally increased with increasing numbers of capsules (Figure 3.3). Total counts for trees 
21, 22, 23 and 24, all of which had large numbers of capsules, was 19, 16, 12 and five times 
the Stoneman model estimate. Stoneman model and Binocular estimates produced similar 
estimates of capsule numbers (Figure 3.3). The actual number of capsules counted and the 
final model estimates (Model 6 in Table 3.6) were not significantly different (t = 0.14, p 
>0.05, n = 24). The capacity of the refined model developed in this study greatly improved on 
estimates produced by the Stoneman Assessment Model and the Binocular Assessment 
technique (Figure 3.3), especially where large capsule crops (>10 000) were present. 
 
 
Figure 3.3. Difference between the Actual Count recorded for capsules of E. marginata for each tree and the 
number of capsules estimated using the Stoneman Assessment Model, Binocular Assessment 
technique and Model 6 equation (lnACestimate = 2.70 + (lnDBH x 0.98) + (CDEN x 0.32) + (CDIS x 
0.23); Table 3.6). 
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The number of open capsules in the crown varied greatly between trees. For example, trees 1, 
2 and 13 carried 142 (65%), 294 (74%) and 2801 (56%) open capsules respectively. While 
trees 10, 12 and 17 carried only 97 (2%), 405 (9%) and 416 (3%) open capsules respectively. 
The mean number of open capsules present in the crown of each tree was 29% of the total 
number of capsules counted (Figure 3.4). 
 
Figure 3.4. Comparison between the number of closed and open capsules recorded in individual tree crowns of 
E. marginata. Note: bar graphs represent the total number of capsules recorded for each tree; the 
number of open and closed capsules was not recorded for trees 7, 14, 18 and 19. 
  
0
10000
20000
30000
40000
50000
60000
1 2 3 4 5 6 8 9 10 11 12 13 15 16 17 20 21 22 23 24
N
um
be
r o
f C
ap
su
le
s
Tree Number
Closed Capsules Open Capsules
34 
 
3.4 DISCUSSION 
 
This study demonstrated that it is possible to combine physical tree measurements and 
subjective tree assessments, in order to produce a practical and reliable predictive model for 
estimating the number of seed capsules in individual jarrah trees. The combination of all 
eight predictor variables produced a strong model fit (R² = 0.89). The disadvantage of such a 
model is the time consumed in measuring all the variables, and the statistical validity and 
potential bias of such a model where some predictor variables are significantly correlated 
with each other. A simplified final model with a slightly lower coefficient of determination, 
but reduced time investment, is recommended for management purposes. This refined model 
uses only three easily measured variables, these being the natural logarithm of stem diameter 
together with subjective assessments of capsule clump density and capsule clump 
distribution. The model produces a high degree of accuracy (R² = 0.85) while still practical 
for field application. This model significantly improves estimates of actual crown capsule 
numbers from the previous model (SM), with the R² value increasing from 0.29 to 0.85. This 
appreciable increase in predictive ability was largely a result of the previous model greatly 
underestimating instances where large capsule crops occurred. 
The model produced in this study was standardised on a whole-tree basis. As such, it is 
difficult to compare the findings, in terms of the degree of accuracy, with those of other 
models which mainly use extrapolated data from visual estimates, branch sub-sampling, and 
seed traps. Bassett et al. (2006) used two whole trees per species to test the accuracy of seed 
crop estimates. The discrepancy they found between the estimated number of capsules and 
actual number of capsules for the trees was –28% and –19% for E. sieberi (silvertop ash); 
-28% and –38% for E. globoidea (white stringybark); and –36% and +45% for E. baxteri 
(brown stringybark). Using stem circumference as a predictor for total crown capsule 
numbers, Burrows and Burrows (1992) found a predictive coefficient (R2) of 0.39 for E. 
crebra (narrow-leaved red ironbark, n = 16), 0.61 for E. melanophloia (silver-leaved 
ironbark, n = 17), and 0.62 for E. populnea (bimble box, n =20). The correlation between 
both stem diameter and fruit numbers were tested for two tropical fruit trees, Uvariopsis 
congensis and Conopharyngia holstii by Chapman et al. (1992). Although the sample size 
was small and only small trees in which fruit could be picked or knocked out of the crown 
were used, the correlation between stem diameter and the number of fruit in the crown was 
stronger for U. congensis (r² = 0.86) than for C. holstii (r² = 0.46). Not surprisingly, visual 
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estimates of fruit crops on small trees showed a reasonable correlation with the actual number 
of fruits for both U. congensis (r² = 0.53) and C. holstii (r² = 0.69). Relative to these other 
studies, the coefficient of determination yielded by the present study is high at 0.85. 
The results of this study showed strong allometric relationships in jarrah, which allowed for a 
single variable—namely stem diameter at breast height—to be the sole physical tree 
measurement used in the regression model. This finding is consistent with common tree 
scaling laws and similar allometric models showing stem diameter to be a strong predictor 
variable for above-ground biomass (Enquist, 2002; Hamilton et al. 2005; Montagu et al. 
2005; Bar-Ness et al. 2012). For a tree to support increasing above-ground biomass, the 
mechanical strength of the stem must increase, and this is primarily achieved through an 
increase in stem diameter (Attiwill, 1966; Montagu et al. 2005). Allometric relationships 
between tree components are well-known for a variety of eucalypt species. Medhurst et al. 
(1999) identified that the diameter over bark of E. nitens (shining gum, n = 109) was highly 
correlated with both tree height (r² = 0.98) and crown length (r² = 0.98) while Montagu et al. 
(2005) found that measuring stem diameter accounted for 89-99% of the variation in above-
ground biomass of E. pilularis (blackbutt). Similarly, Hoffman et al. (2000) found good 
correlation between stem diameter and total above-ground biomass in E. crebra (n = 20, r² = 
0.98), E. melanophloia (n = 20, r² = 0.98) and E. populnea (n = 22, r² = 0.94). The current 
study found that this single measure of stem diameter at breast height was an extremely 
reliable determinant of crown dimensions (r2 values ranging from 0.88 to 0.92). As stem 
diameter at breast height is easy to measure, objective and reasonably consistent across users, 
it is recommended for use in the capsule number model.   
In addition to using stem diameter at breast height as a predictor for actual capsule number, 
assessments of capsule clump density and the distribution of those clumps also needed to be 
integrated into the proposed model. Although the assessment of capsule clump density and 
capsule clump distribution are subjective, they significantly increased the predictive ability of 
the model. Despite concerns raised by Whitford (1991) and Bassett et al. (2006) about the use 
of subjective assessments as primary contributors to quantitative estimates, removing these 
two assessments from the model led to a greatly reduced fit. Highly-varied crown condition 
and the spatial range of capsule arrangements in the crowns of such trees indicate that these 
assessments are crucial. This is because the common assessments of crown condition, namely 
crown size and density, showed no significant correlation with total capsule numbers in the 
regression models discussed above. Assessments of capsule clump density and distribution 
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are critical in accounting for the spatial distribution of capsules across and within an often 
highly-varied crown structure in jarrah trees. 
Variability in the proportion of open capsules in jarrah crowns is a problem when estimating 
the total number of capsules. Unfortunately, this factor has not been examined in estimates of 
seed crops for other eucalypt species. Seeds are released from mature eucalypt capsules once 
they are dry enough for the loculi to open (Cremer, 1965b; Florence, 2004). Studies of seed 
release suggest that an abscission layer forms at the base of the peduncle, leading to capsule 
desiccation (Cremer, 1965b). This leads initially to the loculi opening and subsequently to 
capsule shedding; 60–90% of E. regnans capsules follow this trend. However, the present 
study found that on average almost one-third of capsules in the crowns of jarrah trees are 
more than one year (old) and do not contain any seed. In an extreme case, 74% of the 
capsules on one tree were found to be empty. This suggests that the abscission layer may 
form below the capsule-bearing branchlet, not below the peduncle, as Cremer (1965b) 
observed in E. nitida (formely E. simmondsii; Smithton peppermint). As a result, the open 
capsules are likely to remain in the jarrah crown until local weather conditions, such as wind 
and rain, force the branchlet from the tree. 
The results of the present study suggest that the number of open capsules in jarrah crowns 
will increase proportional to crown size and capsule densities (n = 24, r² = 0.74). Despite this 
finding, to quantify the number of open capsules in individual crowns accurately would be 
problematic and time consuming, as a large number of branch sub-samples would need to be 
taken. The timing of assessments is important in minimising the number of open capsules in 
the crown. Natural seed shed in jarrah is highly climate dependent (Abbott and Loneragan, 
1986; CALM, 2004). Consequently, an assessment conducted after summer would invariably 
yield a larger proportion of open capsules than an assessment conducted before summer. 
Assessments should ideally be completed around the same time of year especially if the aim 
is to compare seed crops between years and areas, and should preferably be done in spring to 
early summer as most of that years capsule crop will be closed during this period. Future 
research should focus on methods to estimate or predict the relative proportion of closed to 
open capsules in the canopy at a particular time of year. 
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Chapter 4 
Prescribed Burning of Shelterwood-Treated Jarrah 
Forest: Fire Characteristics, Fuel Removal and Seedbed 
Preparation 
 
 
 
Plate 4.1. Prescribed Burn at the Wilga Study Site. Photo: Dr L.W. McCaw 
 
 
  
38 
 
4.1 INTRODUCTION 
 
Fire is an integral part of the forests of south-west Western Australia and both its short-term 
and long-term effects across the landscape have been well documented (Abbott and Burrows, 
2003; Gould et al. 2011). The incidence of fire in jarrah forest is influenced by the interaction 
of climate and weather, topography, vegetation type, fuel amount and ignition sources (both 
lightning and human caused) (Burrows, 1994; Burrows, 1999 a,b). These factors influence 
the rates of ignition and the behaviour and extent of fire across the region (Gill et al. 1981; 
McCaw and Hanstrum, 2003). Evolution of jarrah in the presence of fire has resulted in the 
development of many mechanisms and plant morphologies that enable their survival and 
persistence in response to frequent fire. These including obligate seed regeneration, 
resprouting, fire ephemerals, rapid post-fire flowering and geophytes (Gill et al. 1981; 
Whelan, 1995; Burrows and Wardell-Johnson, 2003). 
Climatic and soil variations within the region influence the structure and composition of the 
forest understorey. Therefore, the amount of organic matter (fuel) generated is temporally and 
spatially variable. The density of understorey vegetation, as well as the size, distribution and 
depth of fuel, will dictate the intensity of fire (Cheney, 1981; Cheney, 1990; Bond and van 
Wilgen, 1996; McCaw et al. 1997; Cheney et al. 2008). Fuel is defined as the amount, 
continuity and condition of accumulated organic matter and understorey vegetation that is 
available for consumption by fire (Whelan, 1995). Climate not only affects the type and 
amount of fuel, but also the seasonal pattern of fuel moisture through variations in rainfall, 
temperature and humidity. Fuel moisture determines the flammability and rate of combustion 
of woody fuels, thus influencing rates of fire spread and fuel consumption (Gill et al. 1981; 
Cheney et al. 2008; Gould et al. 2011).  
Fire regimes are generally considered to have four interrelated components: fire frequency 
(how often fire occurs); season of fire (what time of year fire occurs); fire intensity (the heat 
output from fire); and the area of burn (Gill et al. 1981; Bond and van Wilgen, 1996; McCaw 
and Hanstrum, 2003; Smith et al. 2004). Fires can also vary in their type: subterranean fires, 
which burn in organic layers of the soil; surface fires that burn the litter layer and understorey 
shrubs; and crown fires that burn in the canopies of trees (Bond and van Wilgen, 1996). 
These fire characteristics can alter ecosystem processes, creating spatial and temporal 
changes in species composition, structure and fuel accumulation (Gill et al. 1981; Burrows 
and Wardell-Johnson, 2003; Dixon and Barrett, 2003; Bond et al. 2005). 
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Shelterwood-treated coupes in jarrah forest are generally burnt following harvest to promote 
seed fall and to provide a receptive seedbed (Bell et al. 1989; Neyland, 2004; CALM, 2004; 
McCaw, 2011). The post-fire environment also provides favourable conditions for 
germination, early survival and growth of seedlings, by temporarily reducing seed predators 
and herbivores, and reducing competition for light and other resources from other plants (Bell 
et al. 1989; Abbott and Burrows, 2003; Florence, 2004; Neyland et al. 2009). Post-harvest 
burns, as per other prescribed burns in southern Australian forests, are conducted under mild 
weather conditions when fuel moisture is at suitable levels, in spring or autumn (Stoneman et 
al. 1989; Abbott and Burrows, 2003; Grigg et al. 2010; Gould et al. 2011). The production of 
a receptive seedbed following fire is considered to have many positive effects, including 
increasing nutrient availability, eliminating competition from undesired species, and reducing 
possible allelopathic compounds in the soil (Adams et al. 2003; Certini, 2005). 
The creation of a receptive seedbed is therefore a key objective (and outcome) for 
silvicultural (regeneration) burning, particularly in temperate regions (Cremer, 1971; Bell et 
al. 1989; Facelli and Kerrigan, 1996; Neyland et al. 1999; Neyland et al. 2009; Bailey et al. 
2012). In general terms, a ‘receptive’ seedbed can be described firstly by the production and 
distribution of ash on the forest floor, and secondly by the removal of leaf litter, understorey 
vegetation and coarse woody debris as a result of fire. The use of prescribed burning to create 
receptive seedbed conditions has been cited by many authors as an important factor for the 
successful establishment of eucalypt seedlings (Cremer, 1965a; Loneragan, 1979; Ashton, 
1981; Bowman and Kirkpatrick, 1986; Chambers and Attiwill, 1994; Yates et al. 1996; van 
der Meer et al. 1999; Jennings et al. 2000; Di Stefano, 2001; Neyland et al. 2009; Bailey et 
al. 2012). 
In the jarrah forest, autumn burns are preferred for the creation of a receptive seedbed, since 
fire intensities are typically higher due to drier and more combustible fuel loads, compared to 
a spring burn (CALM, 2004; Grigg et al. 2010). The capacity of a fire to produce receptive 
seedbed conditions in jarrah forest is seen as not only reliant on fire intensity, but also on the 
amount and distribution of organic material (Abbott and Loneragan, 1986). In this chapter, 
the relative importance of—and interactions between—fire intensity and pre-burn fuel levels 
in the creation of receptive seedbed conditions are explored. 
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The broad objective of this study was to assess the capacity of prescribed burns under mild 
conditions to produce seedbed conditions suitable for regeneration in shelterwood-treated 
jarrah forest. Specifically the study aimed to: i) quantify fire behaviour; ii) quantify the 
removal by fire of leaf litter, understorey vegetation and coarse woody debris; iii) describe 
the types of seedbeds produced; and iv) examine the influence of season of burn on the 
production of suitable seedbed conditions. 
 
4.2 METHODS 
 
4.2.1 Study Sites 
 
The study was undertaken in six shelterwood-treated coupes located in the jarrah forests of 
south-west Western Australia. Selection of study sites was limited by shelterwood-treated 
coupes subject to regeneration burning within the study timeframe. With the exception of the 
Chalk study site (harvested in 2001), sites were all harvested within two years of one another 
(2004-2006, Table 4.1). Total retained basal area ranged from 20 m2 ha-1 to 35 m2 ha-1 at the 
Chalk and Dale sites respectively. Total basal area was calculated at the Dale, Palmer, 
Morgan and Wilga sites by measuring stem diameter at breast height (1.3 m) of all trees 
greater than 5 cm DBH, within a range of plus or minus 10 m from the main transect line 
(transects 200 m in length; see Table 4.2 for the number of transects per site). Total basal area 
at the Chalk and Helms sites was calculated using a glass prism angle gauge; 360° sweeps 
were made every 20 m along the main transect line. Prescribed regeneration burns were 
conducted either in 2007 or 2008 (Table 4.1). 
Table 4.1. Summary details for E. marginata shelterwood study sites including location (latitude and 
longitude), year of shelterwood harvest, total basal area and rainfall figures (obtained from the 
Bureau of Meteorology website).  
 
Study Site Location Shelterwood 
Harvest
Total Basal 
Area
Mean Annual 
Rainfall
Mean Monthly 
Rainfall
(m2ha-1) (mm) (mm)
Dale 32°13'S, 116°23'E 2004 35 448.5 34.6
Palmer 33°17'S, 116°14'E 2005 27 669.4 70.3
Morgan 33°02'S, 116°27'E 2006 29 515.6 42.1
Chalk 33°05'S, 116°18'E 2001 20 720.0 70.2
Helms 33°57'S, 115°39'E 2006 30 767.5 63.9
Wilga 33°44'S, 116°11'E 2006 28 767.5 63.9
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4.2.2 Sampling Design 
 
Study transects consisted of 200 x 1 m long belt transects randomly established across each 
of the study sites, with a 25–50 m buffer from roads/trails/tracks to the start of each transect. 
Table 2.2 shows the number of transects established in each study site. Transects were 
separated by at least 100 m with most more than 200 m apart. Fire characteristics were 
measured at six microsites randomly positioned along each transect. 
4.2.3 Regeneration Burning 
 
Post-harvest burns were carried out by the Department of Parks and Wildlife (DPaW). All 
sites were burnt during this study, two in the spring of 2007, two in the autumn of 2008 and 
two in the spring of 2008 (Table 4.2). Soil Dryness Index (SDI) values on the day of spring 
burns ranged from 200 to 550; with autumn values much higher at 1450 (Table 4.2). The SDI 
is a numerical value describing the dryness of soils, and is used as a proxy to reflect moisture 
content of woody fuels and deep organic layers. The SDI ranges from 0 to 2000 (at a soil 
depth of 200 mm) and estimates the amount of rainfall required to saturate the upper soil 
profile. Zero is given to the saturated soil profile (late winter), with SDI calculated using the 
cumulative difference between daily evaporation and rainfall (Sneeuwjagt and Peet, 1985; 
McCaw et al. 1997; McCaw and Hanstrum, 2003). Extremely dry soils have an SDI of over 
1500.  
4.2.4 Fire Characteristics 
 
Flame Height 
 
Flame height was measured by soaking 3 m lengths of 4 mm diameter cotton string in di-
ammonium phosphate, a fire retardant chemical. Weights were attached to the bottom of the 
strings and they were suspended from a height of 3 m in the middle of each microsite using 2 
mm gauge wire attached between two trees (Ryan, 1980; Finney and Martin, 1992; McCaw et 
al. 1997). The scorch height (height of uppermost blackened/charred portion of the string 
from the ground) on each piece of string was measured in metres, providing an estimate of 
flame height for each microsite and then averaged over the six microsites in each transect, to 
provide an estimate of flame height for each transect. 
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Thermocolour Pyrometers and Hydropyranometers 
 
Thermocolour pyrometers (heat sensitive crayons, Colotemp™) with 10 colours on each slate 
(temperature ratings ranging from 120 °C to 600 °C) were positioned prior to the burn at each 
microsite. Following the fire, the thermocolour pyrometers were collected and assessed to 
determine the full colour change across the ten crayons, thus providing an estimate of fire 
temperatures at each microsite and these were averaged for each transect (Hobbs and Atkins, 
1988; Grant et al. 1997). 
Hydropyranometers consisted of 250 mL tin cans filled with 200 mL of water. After filling, 
lids were placed on the cans. They were then suspended with wire, from the same cross-wires 
as the fire retardant strings in the middle of each microsite at 0 m, 1.5 m and 3 m above the 
ground. Before the fire was lit, lids were removed from the cans to allow water vapour to be 
released. Post-fire, the cans were collected and the amount of water remaining was measured. 
This method provided data on the total water lost at each height, as well as information on the 
vertical distribution of heat at different levels at each microsite and across each transect. 
While seemingly crude, this method was effective and efficient in covering the large survey 
areas and provided a reasonably accurate and comparable measure of fire intensity (Moreno 
and Oechel, 1989). 
Canopy Scorch 
 
Post-fire maximum canopy scorch heights and percentages of canopy scorch were recorded at 
each microsite. Standing in the centre of each microsite, a laser range finder (Vertex™) was 
used to record the maximum scorch height on every tree that could be visually assessed in a 
360° circle. In addition to measuring maximum scorch heights, visual assessments were made 
as to the proportion of each tree crown that had been scorched, using 10% intervals ranging 
from 0% crown scorch to 100% crown scorch (McCaw et al. 1997). Scorch was defined as 
browning of leaves within the tree crown as a result of heat from the fire. From these 
measurements, an estimate of mean maximum canopy scorch height in metres and mean 
percentage canopy scorch, was obtained for each microsite and for each transect. 
4.2.5 Pre- and Post-Burn Environmental Variables 
 
To examine the influence of regeneration burns on the production of suitable seedbed 
conditions, a number of environmental variables were measured before and after burning. 
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Measured variables included canopy cover, litter depth, shrub height and cover, and coarse 
woody debris. These environmental variables are standard for assessing the combustion rates 
of living and dead organic material and for the production of suitable seedbed conditions for 
regeneration (Hobbs and Atkins, 1988; Abbott and Loneragan, 1986 Bell et al. 1989; 
Burrows, 1999 a,b). 
Percentage Canopy Cover 
 
Percentage canopy cover (%) was estimated at 1 m intervals along transects both before and 
after burning using a ‘periscope’, or densitometer. The instrument consisted of a 2 m long 
pole with a mirror inserted at 45° within a piece of PVC pipe, that had a wire cross attached 
to the top (Stumpf, 1993; Fiala et al. 2006). To ensure a vertical line of sight a spirit level was 
attached to the pole. By walking along each transect and looking into the periscope at 1 m 
intervals, a presence/absence ratio and percentage canopy cover was determined for each 
transect. 
Leaf Litter Depth 
 
Leaf litter depths (cm) were measured pre- and post-fire at 1 m intervals along each transect 
by inserting a ruler into the leaf litter until it reached mineral soil. Readings were taken for 
the depth in centimetres from the topsoil to the top of the leaf litter layer. 
Shrub Height and Cover 
 
Shrub height (m) was measured pre- and post-burn using a 2 m ruler placed at 1 m intervals 
along each transect. At each 1 m interval the highest touch value (live vegetation touching the 
ruler) was recorded, and mean shrub height was estimated for each transect. 
Shrub cover (%) was measured pre- and post-burn by placing two 100 m measuring tapes, 
end to end, along the length of each 200 m transect. Live shrub cover intersecting this line 
was measured in metres, to provide an estimate of total shrub cover for each transect. This 
figure was then converted to percentage of shrub cover for each transect, by comparing shrub 
cover distances to the amount of open area. 
Coarse Woody Debris 
 
Coarse woody debris was measured pre- and post-fire by measuring every piece of woody 
debris with a diameter greater than 2.0 cm that intersected the transect line. Woody debris 
loading was calculated using the method of Van Wagner (1968): 
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V = (π² x Σd²) / 8L 
where V is the woody debris volume per unit area, d is piece diameter (m) and L is the length 
of sample line (m) (Van Wagner, 1968). 
4.2.6 Post-Burn Seedbed and Ground Condition 
 
Post-burn ground conditions were divided into five distinct groups: non-burnt leaf litter; leaf 
litter ash; burnt to mineral soil; non-burnt mineral soil; and log ash (see Plate 4.2 for further 
details). Non-burnt leaf litter was defined as areas where fire had not burnt the leaf litter 
layer. Non-burnt mineral soil was defined as areas of soil that had no fuel and thus could not 
and did not facilitate the spread of fire.  
 
Plate 4.2. Post-burn Seedbed Types: A = Non-burnt leaf litter; B = Non-burnt mineral soil; C = Leaf litter ash; 
D = Burnt to mineral soil and; E = Log ash. 
Leaf litter ash was defined as areas where fire had charred and or blackened the leaf litter. 
Burnt to mineral soil was defined as areas where fire had completely consumed all available 
fuels, leaving behind visibly charred soil. Log ash was defined as areas that contained 
charcoal via the consumption of woody debris, such as fallen branches and logs. Along each 
transect, the coverage of each seedbed type was visually estimated in metres. Using these 
measurements, an estimate of percentage cover for each ground condition was gathered. 
A B C 
D E 
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4.2.7 Data Analysis 
 
Fireline intensity was calculated using the Rothermel and Deeming (1980) metric version of 
Byram's (1959) formula relationship between intensity and flame length: I = 259.83 L2.17 
where I is intensity in kW m-1 and L is flame length (m). Flame length for each site was 
determined using the mean height of blackening on strings (Finney and Martin, 1992; 
McCaw et al. 1997) for site transects.  
Where data were unable to be transformed to a normal distribution, non-parametric analyses 
were used, including Spearman’s rank-order correlation matrices (two-tailed), to test for 
significant correlations between fixed variables. Wilcoxon’s paired t-tests were also used to 
test for significant differences in variables before and after fire. The effect of season on post-
burn reductions in fuel loads was tested using Analysis of Variance (ANOVA), performed on 
log-transformed data, with season and pre/post-burn being the factors. Transects were used as 
a unit of replication for ANOVA, due to insufficient replication at the site level. This was 
seen as justified, given study transects within sites were mostly more than 200 m apart. To 
gauge the effect of fire intensity, sites were divided into low intensity (mean intensity <600 
kW m-1) and low end of medium intensity (600-1000 kW m-1) with three sites in each 
category. The effect of season and fire intensity on post-burn reductions in fuel loads was 
tested using ANOVA, performed on log-transformed data, with season, intensity and pre/post 
burn being the factors. 
Generalised Linear Modelling (GLM; (univariate) was used to identify possible pre-burn 
predictors for the creation of the various ash bed types. GLM was selected in preference to 
other types of modelling as it uses maximum likelihood estimations, which make fewer 
assumptions on the normality of dependent and independent variables (Coakes et al. 2009). A 
forward stepwise selection process was used to select the dependent (predictor) variable(s) 
which best explained the variability in the independent variables (i.e. cover of ash-bed types). 
In addition to GLM analysis, path analysis was used to construct basic path models, which 
illustrate relationships between pre-burn conditions, fire behaviour and post-burn conditions 
for the different seedbed types (Grace and Keeley, 2006). Spearman’s correlation coefficients 
were used to construct the simple (single link) direct pathways, whereas partial correlation 
coefficients were used to construct compound (multi-linkage) indirect pathways. Path 
analysis is a subset or type of Structural Equation Modelling (S.E.M.), which is increasingly 
being used in ecology and fire studies to help elucidate potential causal mechanisms in 
complex datasets with multiple direct and indirect relationships (Shipley, 1997; Grace, 2006). 
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4.3 RESULTS 
 
4.3.1 Fire Characteristics of Low Intensity Prescribed Burns 
 
A total of six sites were burnt in the study period (Table 4.2), with four in spring and two in 
autumn. The low number of autumn sites is a consequence of prescribed regeneration burns 
generally being undertaken in spring months, with the weather conditions during the autumn 
of 2007 and 2008 unsuitable for burning of additional sites. Burning was conducted with air 
temperature ranging from 19–25 °C, relative humidity from 32–66%, and wind speeds from 
3.1 m s-1 to 8.5 m s-1 (Bureau of Meteorology). Spring burn SDI ranged from 200 to 550, 
while the autumn burns both recorded an index of 1450 (Table 4.2). 
Table 4.2. Burning conditions and fire characteristics for study sites in shelterwood-treated jarrah forest: n = 
the number of transects established in each site; standard deviations in parentheses. 
 
The effects of weather and SDI on fire characteristics were not examined, due to the small 
number of burns conducted. Flame heights ranged from 0.9 m in Palmer to 1.6 m in Helms; 
however the difference in flame heights between spring and autumn burns was not significant 
(F = 0.06, p = 0.08, n = 24). Flame heights were visually estimated in the Chalk site, due to 
the failure of passive flame height sensors. Calculated fireline intensities across the six study 
sites were below 1000 kW m-1 (Table 4.2), placing all fires in the low intensity and lower end 
of medium intensity range (Cheney, 1981). Crown scorch heights ranged from 4 m in Chalk 
to 10 m in Helms, with the difference in crown scorch heights between spring and autumn 
burns being significant (F = 6.59, p = 0.02, n = 18). Percentage of canopy scorched ranged 
from 5% in Chalk to over 30% in Helms, with the difference in percentage of canopy 
Site n Date Burnt T1 RH1 WS1 SDI1
Mean Flame 
Height
(°C) (%) (kW m-1)
Spring
Dale 5 22/10/2007 21 47 4.1 350 1.48 (0.7) n.d.2 n.d.2 250 (70) 40 (29) 690b
Palmer 5 15/10/2007 19 56 5.4 200 0.9 (0.7) n.d.2 n.d.2 180 (60) 70 (31) 350a
Morgan 5 9/10/2008 25 39 8.5 550 1.5 (1.0) 5 (4) 20 (22) 270 (70) 70 (55) 995b
Chalk 4 11/10/2008 20 66 3.1 300 n.d.2 4 (3) 5 (3) 250 (80) 25 (10) 400a
Autumn
Helms 4 4/12/2008 21 32 4.4 1450 1.6 (0.9) 10 (8) 33 (29) 320 (90) 50 (30) 970b
Wilga 5 4/12/2008 21 32 4.4 1450 1.5 (0.8) 9 (7) 26 (29) 390 (140) 45 (40) 550a
1Explanation of Symbols: T = air temperature, RH = relative humidity, WS = wind speed, SDI = Soil Dryness Index.
2Not determined (n.d.).
Mean Fire Intensity Groupings: a <600 kW m-1, b >600 kW m-1.
Crown Scorch Mean 
Temperature 
at Ground 
Level
Mean Total 
Water Lost 
at Ground 
Level 
Mean Fire 
Intensity
Mean 
Scorch 
Height (m)
Mean 
Percentage 
of Canopy 
Scorched 
d-m-y (m)(mm x 10)(m s-1)(%)(°C)
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scorched between spring and autumn burns being significant (F = 12.1, p = 0.01, n = 18). 
Mean temperature at ground level ranged from 180 °C in Palmer to 390 °C in Helms; the 
difference in mean temperature at ground level between spring and autumn burns was 
significant (F = 6.3, p = 0.02, n = 25). Total water lost (with hydropyranometers) at ground 
level ranged from 25% at Chalk to 70% at both Palmer and Morgan; the difference between 
total water lost at ground level between spring and autumn burns was not significant (F = 
0.01, p = 0.8, n = 28). 
Flame heights showed a positive correlation with temperature at ground level, canopy scorch 
height and percentage of canopy scorched (Table 4.3). Total water lost at ground level (0 m) 
was shown to be a good indicator of vertical heat transfer (up to 3 m). This was evidenced by 
strong positive correlations with total water lost at 1.5 m (0.793) and 3 m (0.741). A similar 
significant correlation between water lost at ground level and canopy scorch height was also 
evident, but the correlation coefficient was lower than those recorded at the greater heights 
(0.327). Canopy scorch height and percentage of canopy scorched showed a significant 
positive correlation with one another (0.748). No significant correlations were found between 
fire characteristics and pre-burn environmental variables (i.e. p >0.05). 
Table 4.3. Spearman’s rank-order correlation (r) matrix for fire characteristics. FH = flame height (m); TGL = 
temperature at ground level (°C); TWL 0 m = total water lost at 0 metres (mL); TWL 1.5 m = total 
water lost at 1.5 metres (mL); TWL 3 m = total water lost at 3 metres (mL); CSH = canopy scorch 
height (m); PSC = percentage of the canopy scorched. (n = 28). 
 
 
4.3.2 Removal of Understorey Vegetation, Leaf Litter and Coarse Woody Debris 
 
Fuel Reduction Following Low Intensity Prescribed Burning 
 
The quantity and continuity of both live and dead fuels were highly variable, displaying high 
standard deviations and wide ranges (Table 4.4). The differences between pre-burn and post-
burn leaf litter, shrub height and shrub cover were significant (p <0.05), while pre-burn and 
FH TGL TWL 0 m TWL 1.5 m TWL 3 m CSH PCS
Flame Height 1.000
Temperature at Ground Level 0.464** 1.000
Total Water Lost at 0 m 0.029 0.284* 1.000
Total Water Lost at 1.5 m 0.023 0.037 0.793** 1.000
Total Water Lost at 3 m 0.032 0.029 0.741** 0.955** 1.000
Canopy Scorch Height 0.324** 0.151 0.327** 0.159 0.157 1.000
Percentage of Canopy Scorched 0.348** 0.085 0.160 -0.001 0.009 0.748** 1.000
** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)
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post-burn canopy cover estimates were not significantly different. Post-burn woody debris 
loadings were lower than pre-burn woody debris loadings. However, these changes were not 
significantly different (Table 4.4).  
Table 4.4. Summary of the quantities of live and dead fuel characteristics before and after low intensity 
prescribed burning. Within rows, different letters represent significant difference via a Wilcoxon’s t-
test (p < 0.05; n = 28). 
 
 
Influence of Season and Intensity of Burn on Fuel Reduction 
 
Post-burn reductions in leaf litter depths, shrub heights, shrub cover, percentage shrub cover 
and coarse woody debris were significant (p < 0.05) across the study sites (Table 4.5). 
However, no significant differences between live and dead fuels were found for season of 
burn. Two-way ANOVA results shown in Table 4.5 show that season of burn had no 
significant effect (p >0.05) on the post-burn reductions of live and dead fuels across the study 
sites (Table 4.5). Similarly, fire intensity had no significant effect on the reductions in fuel 
levels due to fire (results of 2 way ANOVA interaction between fire intensity and pre/post 
burn were: F=0.84, p=0.39 for canopy cover; F=0.53, p=0.49 for shrub height; F=0.89, 
p=0.37 for shrub cover; F=0.17, p=0.69 for coarse woody debris)  
Table 4.5. Two-way ANOVA results showing the effect of pre/post-burn and season of burn on live and dead 
fuels characteristics. Bolding denotes significance at p <0.05, n = 28. 
 
Fuel Type Unit
Mean Std. dev. Range Mean Std. dev. Range
Canopy Cover (%) 0.6a 0.4 0.0 - 1.0 0.5a 0.4 0.0 - 1.0
Leaf Litter Depth (cm) 2.1a 0.7 0.0 - 5.3 0.6b 0.4 0.0 - 3.1
Shrub Height (m) 0.2a 0.1 0.0 - 0.7 0.04b 0.06 0.0 - 0.6
Shrub Cover (%) 0.3a 0.1 0.0 - 0.9 0.07b 0.07 0.0 - 0.6
Wood 2 - 10 cm (t/ha) 0.2a 0.2 0.1 - 0.6 0.2a 0.2 0.0 - 0.6
Wood 11 - 50 cm (t/ha) 4.9a 4.1 0.7 - 15.4 4.9a 4.0 0.7 - 14.8
Wood 51 - 100 cm (t/ha) 33.5a 14.2 16.0 - 60.4 31.6a 11.6 16.3 - 61.6
Wood > 101 cm (t/ha) 181.1a 142.6 61.6 - 1150.0 134.9a 80.2 64.1 - 479.7
Pre-Burn Post-Burn
F p-value F p-value F p-value
Canopy Cover (%) 0.002 0.96 0.14 0.72 3.02 0.12
Leaf Litter Depth (cm) 14.59 0.005 0.54 0.48 0.08 0.78
Shrub Height (m) 17.65 0.003 0.3 0.87 1.15 0.31
Shrub Cover (%) 16.55 0.004 2.47 0.15 0.95 0.36
Coarse Woody Debris (t/ha) 5.93 0.04 3.15 0.11 0.91 0.37
Pre/Post Burn Season of Burn
Pre/Post Burn * 
Season of Burn
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4.3.3 Production of Suitable Seedbed Following Low Intensity Prescribed Burns 
 
The cover of burnt seedbed (leaf litter ash; burnt to mineral soil; log ash) across the study 
sites was generally about 80% after fire, but varied from site to site, between 56–92%, (Table 
4.6). The cover of burnt seedbed was similar for spring and autumn burns, with values of 72–
84%. Leaf litter ash was the dominant post-burn seedbed type produced, accounting for over 
55% of total cover across the study sites. With the exception of log ash (p = 0.01, n = 28), 
season of burn had no significant (p >0.05) effect on the percentage cover of seedbed types. 
Amongst the sites, Helms recorded high pre-burn coarse woody debris loadings and, as 
expected, this resulted in high log ash cover (28%; Table 4.6).  
Table 4.6. Mean percentage cover of post-burn seedbed types recorded for study sites and season of burn, n = 
number of transects. 
 
4.3.4 Factors Influencing the Production of Suitable Seedbed 
 
Modest negative correlations were observed between the presence of non-burnt leaf litter and 
canopy scorch height (–0.322) and the percentage of canopy scorched (–0.341). The presence 
of log ash was positively correlated with canopy scorch height (0.403) and the percentage of 
canopy scorched (0.349). No significant (p >0.05) correlations were found between seedbed 
types and flame height and temperature at ground level. As would be expected, the depth of 
leaf litter before the fire was positively correlated with post-burn leaf litter depth (0.570), 
shrub height (0.307) and shrub cover (0.495). The presence of log ash was positively 
correlated with pre-burn (0.668) and post-burn (0.658) coarse woody debris loading. 
GLM analysis showed that percentage cover of leaf litter ash was most strongly influenced by 
pre-burn leaf litter depths (Table 4.7). A combination of pre-burn percentage canopy cover 
and pre-burn leaf litter produced a strong positive relationship with cover of leaf litter ash  
(Table 4.7). Pre-burn coarse woody debris was a strong predictive variable in determining 
n
Non-Burnt 
Leaf Litter
Non-Burnt 
Mineral Soil
Leaf Litter 
Ash
Burnt to 
Mineral Soil Log Ash % Burnt
1
Site
Dale 5 13 12 51 16 9 75
Palmer 5 13 6 63 4 13 81
Morgan 5 36 8 43 6 7 56
Chalk 4 11 9 54 15 12 80
Helms 4 4 4 60 4 28 92
Wilga 5 19 3 60 7 12 79
Season of Burn
Spring 19 19 9 52 11 9 72
Autumn 9 12 4 60 5 19 84
1. Percentage of Burnt Seedbed is the sum of Leaf Litter Ash, Burnt to Mineral Soil and Log Ash.
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increased log ash cover (Table 4.7). Areas burnt to mineral soil were not modelled, as no 
significant correlations with other site variables were found. 
Table 4.7. GLM Analysis showing predictive models for 1. Leaf Litter Ash and 2. Log Ash. Factors are pre-
burn values, n = 28. 
 
 
Simple directed dual path models (Figure 4.1A) illustrated how variables within the pre-burn 
environment and measures of fire behaviour influenced the production of burnt seedbed 
types. The production of leaf litter ash was shown to be positively and directly linked to the 
levels of pre-burn canopy cover and leaf litter. The amounts of leaf litter and shrub cover 
following the burn were also linked to the production of leaf litter ash (Figure 4.1B). Under 
the range of burning conditions experienced, no significant correlations were found between 
indicators of fire behaviour and the level of leaf litter ash following fire., nor was fire 
behaviour found to be related to pre-burn and post-burn variables associated with leaf litter 
ash production (Table 4.1B) 
The production of areas burnt to mineral soil was shown to be primarily linked by the 
consumption of leaf litter and understorey vegetation (Figure 4.1C). A weak positive 
correlation was also observed between pre-burn shrub cover and areas burnt to mineral soil. 
No significant correlations were observed between shrub cover and fire behaviour. A weak 
negative correlation was observed between water losses at ground level (a surrogate for fire 
intensity) and areas burnt to mineral soil.  
Areas of log ash showed a strong positive correlation with pre-burn coarse woody debris 
loadings (Figure 4.1D). Log ash was also high in areas surrounding intact charred logs in the 
post-burn environment. Canopy scorch heights and percentage of canopy scorch showed a 
moderate positive correlation with log ash.  
  
Model Factors F Sig. r2
1 - Leaf Litter Ash i Canopy Cover (CC) 1.16 0.21 0.22
ii Leaf Litter Depth (LLD) 1.24 0.08 0.59
iii CC*LLD 0.76 0.68 0.89
2 - Log Ash i Coarse Woody Debris 8.46 0.001 0.97
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A
 
B 
 
C 
 
D 
 
Figure 4.1. A: General theoretical dual path model of how pre-burn conditions and fire behaviour influence the 
production of different seedbed types. B-D: Simple directed dual path model illustrating how 
observed variables influence the production of: leaf litter ash (B); areas burnt to mineral soil (C); 
and log ash (D). Boxes represent observed variables (a-c) within each category. Single-headed 
arrows represent a direct path (relationship); double-headed arrows an unresolved path 
(relationship). Simple (single link) direct pathways (e.g. γ2 show standardised Spearman's 
correlation coefficients. Compound (multi-linkage) indirect pathways (e.g. γ1 show partial 
Spearman's correlation coefficients. Only significant (p <0.05, two-tailed) correlations are shown. 
Relationships within boxes show significant correlations between variables measured pre-, during, 
or post-fire. 
 
Pre-Burn Conditions Fire Behaviour
Post-Burn Conditions
Seedbed Type
a1
a2
b1
b2
γ1 β1
rb
c1
c2
rc
γ2
ra
Canopy 
Cover 
Leaf Litter Ash
Leaf Litter Shrub Cover
N/S
+ 0.33
- 0.34 - 0.21
Leaf Litter 
+ 0.33
+ 0.29
N/SN/S
Shrub 
Cover
Burnt to Mineral 
Soil
Leaf 
Litter
N/S
+ 0.33
- 0.34
- 0.21
Shrub 
Height
Shrub 
Cover
- 0.21 - 0.18
Water Loss at Ground Level 
%Canopy   Scorch 
N/S
+ 0.21
Coarse Woody Debris Canopy Scorch Height Log Ash
%Canopy Scorch Coarse Woody 
Debris
Shrub 
Cover
+ 0.40
+ 0.35
N/S + 0.75
+ 0.67
+ 0.66 - 0.19- 0.15
Canopy 
Cover
Shrub 
Cover
- 0.16
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4.4 DISCUSSION 
 
4.4.1 Fire Characteristics 
 
Burning conditions in the study sites resulted in fire intensities below 1000 kW m-1, placing 
all fires in the low to the lower end of the medium intensity range (Cheney, 1981). The 
method used to calculate fire intensity in this study, that is, using flame length (via passive 
flame height sensors) rather than conforming to Byram's (1959) standard equation (I = Hwr), 
or variations of this equation (e.g. I = (W – r) ROS 0.516; Burrows, 1994), is a subject of 
debate (Finney and Martin, 1992; McCaw et al. 1997). Rather than seeking to provide a 
definitive, comparable calculation of fire intensity, this study simply sought to provide a 
reasonably reliable estimate of fire intensity for comparison across the study sites.  
Flame heights, canopy scorch heights and percentage of canopy scorched showed strong 
correlations with one another, indicating that the three are highly interrelated. As expected 
during both spring and autumn burns, flame and scorch heights were relatively low (generally 
<2 m and <10 m, respectively), indicative of fire behaviour during prescribed burning under 
mild conditions (Sneeuwjagt and Peet, 1985; Bell et al. 1989). Following low/moderate 
intensity burning of jarrah forest (130 kW m-1 to 1786 kW m-1), Smith et al. (2004) recorded 
similar low flame heights (0.5–4 m) and percentage of canopy scorched (2–10%). 
Scorch heights were found to be highest in areas where fallen logs and large amounts of 
woody fuel were present. Flaring from these woody fuels has been reported to increase the 
risk of tree damage in jarrah forests (Burrows 1987), as well as forests of Eucalyptus 
diversicolor (McCaw et al. 1997) and E. sieberi (Cheney et al. 1990). However, prescribed 
burning of shelterwood-treated jarrah forest under the mild conditions of this study, in both 
spring and autumn, produced canopy scorch heights and percentages of canopy scorch that 
rarely exceeded 10 m and 50% respectively. In the absence of large amounts of woody fuel, 
vertical heat transfer was similar at ground level to that recorded at 3 m above the ground. 
Season of burn did not influence flame heights or fire intensity, despite SDI values being 
higher in the autumn. However, scorch heights and ground temperatures were found to be 
significantly higher in the autumn sites compared to spring sites, supporting the positive 
correlation between SDI and fire intensity (Hobbs and Atkins, 1990; Burrows, 1994; Gould et 
al. 2011). The lack of site replication across both seasons made conclusive findings on the 
effect of season of burn on fire behaviour difficult. Despite subtle differences in the 
53 
 
indicators of fire behaviour across sites, seasonal differences conformed to that which would 
be expected during low/mild intensity prescribed regeneration burns (Sneeuwjagt and Peet, 
1985; Burrows, 1994). That is to say, fire behaviour of low intensity burns in shelterwood-
treated jarrah forest in both spring and autumn were fairly similar at a broad scale. 
4.4.2 Fuel Reduction 
 
Prescribed burning of shelterwood-treated jarrah forest under mild conditions significantly 
reduced levels of leaf litter and understorey vegetation. Significant reductions in litter and 
understorey were achieved with minimal damage to the retained overstorey. This agrees with 
the findings of Smith et al. (2004), who also observed significant reductions in fuel loads 
following low to moderate intensity prescribed burns in five-year and eight-year old 
restoration forest and unmined jarrah forest. Significant reductions in fuel loads following 
low to moderate intensity prescribed burns have also been observed in E. obliqua forest 
(Hamilton et al. 1991; Marsden-Smedley and Slijepcevic, 2001) and E. diversicolor regrowth 
stands (McCaw et al. 1997). Reducing leaf litter loads through prescribed burning has been 
recognised as a cost effective method for the production of suitable seedbed conditions, since 
it significantly increases the potential for fallen seed to come in contact with mineral soil 
(Marsden-Smedley and Slijepcevic, 2001; Florence, 2004; Bailey et al. 2012). Consumption 
of understorey vegetation though prescribed burning is also a significant contributor to the 
production of suitable seedbed conditions, because the reduction in shrub coverage 
temporarily reduces competition and increases the availability of resources, such as light, 
water and nutrients, to emergent seedlings (Dell and Havel, 1989; Stoneman, 1994; Abbott 
and Burrows, 2003). 
Low intensity burns did not remove much of the woody fuel—in many cases large logs and 
stumps were charred, but remained largely intact. This result provides two positive outcomes 
for shelterwood-treated jarrah forest. Firstly, the available nutrient pool is increased where 
log ash is created by way of smaller logs being consumed by fire (Adams et al. 2003). 
Secondly, the retention of logs provides critical habitat and refuges for many plant and 
animal species in the post-fire environment, by adding to the structural complexity of the 
forest floor (Tinker and Knight, 2000). 
Neither the season of burn nor mean fire intensity significantly influenced the levels of fuel 
removed at the site level. Burning under mild conditions, in both spring and autumn, 
produced similar overall fire conditions with mean fire intensity of sites not differing between 
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seasons and ranging across a fairly narrow range (from 350-995 kW m-1) in terms of what is 
typically experienced in open eucalypt forests (Cheney, 1981). The overall capacity of these 
low-medium intensity burns to reduce levels of live and dead fuel is relatively consistent and 
relatively low overall, but was also found to be highly variable within sites. Inter-site 
variability (both fine-scale and broad-scale) in factors such as fuel quantity, type, continuity 
and condition (Abbott and Burrows, 2003; Smith et al. 2004), and in the weather conditions 
on the day of the burn, are likely to be the critical factors determining fire behaviour and its 
ability to reduce large quantities of fuels (Jordan et al. 1992). 
4.4.3 Seedbed Preparation 
 
Prescribed burning of shelterwood-treated jarrah forest under mild conditions produced 
heterogeneous seedbeds. Approximately 80% were comprised of burnt seedbeds in the form 
of leaf litter ash, areas burnt to mineral soil and log ash. The inherent patchiness of forest 
floor conditions (e.g. leaf litter depths, fallen logs, shrub cover, micro-topography etc) led to 
fine-scale variability in fire behaviour (Hobbs and Atkins, 1988; Neyland, 2004; Smith et al. 
2004; Cheney et al. 2008; Gould et al. 2011). The production of heterogeneous seedbed 
conditions, at a fine scale, may provide for a greater diversity of microsites (niches) and thus 
provide a wide range of conditions necessary for germination, establishment and growth 
(Battaglia and Reid, 1993; Bassett et al. 2000; Bailey et al. 2012). 
Constraints imposed by limited site replication (we were unable to achieve the range of fires 
required by the original experimental design due to DPaW operational practices) made it 
difficult to reach conclusive findings on the effect of season of burn on the production of 
seedbeds. Given the comparatively high SDI values, the capacity for the removal of live and 
dead fuels and thus production of ash was expected to be higher in the autumn than in the 
spring burns (Burrows, 1994). However, this was not the case and the proportional 
representation of seedbed types was found to be similar between seasons of burn. This 
suggests that factors such as weather conditions and fuel continuity, in addition to fuel 
condition, played a role in ash bed production. This conclusion was supported by the strong 
influence of pre-burn site conditions (e.g. leaf litter, shrub cover and coarse woody debris) on 
the production of burnt seedbeds, together with the lack of significant correlations between 
fire variables and ash bed production. 
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4.4.4 Conclusion 
 
In conclusion, low to medium intensity (<1000 kW m-1) prescribed burns in shelterwood-
treated jarrah forest resulted in the production of suitable conditions for regeneration—that is, 
leaf litter and understorey vegetation were reduced and ash beds were created. Ash bed 
production was heterogeneous within sites and has been attributed to the capacity of low 
intensity prescribed burns to account for fine-scale variations in fuel quantity, continuity and 
condition. Low intensity fires follow the spatial distribution of litter fuel; therefore, their 
ability to create ash beds is difficult to predict. Inter-site variations in available fuels were 
shown to be a stronger influence on the production of receptive seedbed conditions than the 
season of burn, while pre-burn fuel distribution plays an important role in determining the 
levels and spatial patterns of suitable seedbed conditions following fire, but this is likely to be 
only under the mild conditions of the study. 
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Chapter 5 
Seed Fall of Eucalyptus marginata in Shelterwood-
Treated Jarrah Forest: Patterns of Pre-Burn Aerial Seed 
Crops and Seed Fall Following Low Intensity 
Prescribed Burning 
 
 
 
Plate 5.1. Morgan Study Site Tree Canopy. Photo: J. Cargill 
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5.1 INTRODUCTION 
 
Monitoring the developmental sequence of seed in production forests is an important 
component of sustainable timber harvesting, since a critical level of seed supply is essential 
for adequate regeneration in many systems. This is particularly so for eucalypt forests and 
other forests, where canopy-stored seeds are the main source of regeneration after harvesting 
or other disturbance (Cremer, 1971; White, 1971; Loneragan, 1979; Daskalakou and Thanos, 
1996; Brose et al. 1999; Florence, 2004; Dooley et al. 2010; Clarke et al. 2013). The 
identification and quantification of mature fruit in tree canopy crops, as an indicator of the 
availability of aerial viable seed, is particularly important in shelterwood-treated coupes and 
many clear-fell silvicultural systems. This is because the restocking of these areas is typically 
achieved by the synchronised release of seed from retained trees, following prescribed 
burning (Dooley et al. 2010). Prescribed regeneration burning should ideally coincide with a 
large amount of mature fruit in the canopy, in order to release the maximum quantity of 
viable seed, thus increasing the likelihood of successful recruitment (Cremer, 1971; CALM, 
2004; McCaw et al. 2011). 
The development of eucalypt seed follows a characteristic bud–flower–capsule–seed shed 
sequence (Cunningham, 1960; Ashton, 1975; Abbott and Loneragan, 1986; Florence, 2004). 
Despite this ubiquitous sequence, the time taken from the initiation of incipient flower buds 
through to seed maturity is highly variable across eucalypt species (White, 1971; Ashton, 
1975; Sedgley et al. 1989; Yates et al. 1994; Keatley and Hudson, 1998; Burrows, 2000; 
Bassett, 2002; Dooley et al. 2010; Semple and Koen, 2010). Variability in the quality, 
quantity and timing of seed produced not only exists between eucalypt species, but also 
between and within populations of the same species (Neyland et al. 2003; Semple et al. 2007; 
Vesk et al. 2010). A number of different developmental stages can be found across a 
population’s geographic range—between stands within the one locality, between individual 
trees within the same locality, and within individual tree crowns (Florence, 2004). In many 
cases, an individual eucalypt tree can contain a number of seed cohorts at different 
developmental stages. Ashton (1975) identified that a single Eucalyptus regnans branch 
could contain up to six different floral stages. Similarly, Loneragan (1979) identified that an 
individual E. diversicolor tree could contain up to five different developmental stages at any 
one time. 
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The developmental sequence of jarrah begins with the appearance of incipient flower buds in 
late summer to early autumn (Abbott and Loneragan, 1986). CALM (2004) estimated that 
there are approximately 8 million buds initiated per hectare in a jarrah forest. In E. 
diversicolor, the inflorescence is also formed in early summer, with bracts being shed in early 
autumn to expose the bud initials (Loneragan, 1979; Florence, 2004). Inflorescence buds 
appear in the axils of young leaves from late spring to late summer in E. regnans and E. 
delegatensis (Ashton, 1975; Florence, 2004). Bassett (2002) identified that inflorescence 
buds appeared in mid to late spring for E. sieberi and three to four months earlier for E. 
globoidea.  
The time taken from the first appearance of incipient flower buds to flowering varies 
considerably between eucalypt species. For example, flowering in karri occurs during autumn 
of the second year from when bud initials are first exposed (Florence, 2004). E. regnans and 
E. delegatensis flower in late summer to late autumn, some 27–29 months and 24–25 months 
respectively, after the first appearance of incipient flower buds (Ashton, 1975; Grose, 1960). 
This period was found to be much shorter for E. sieberi (12–13 months) and for E. globoidea 
(14–17 months) (Basset, 2002). Jarrah flowers in the spring to early summer, some 7–11 
months following the first appearance of incipient flower buds, which is considerably shorter 
than most other eucalypt species (Abbott et al. 1989; CALM, 2004). 
Capsule maturation in jarrah takes place during early winter, following flowering in the 
previous spring/summer. Capsules start to open and release seed several months later, 
typically starting in early summer, just over a year after flowering, or about 21 months after 
the first appearance of incipient flower buds. Seed release may continue for up to eight 
months. Therefore, the total period of reproduction—from appearance of incipient buds to 
final seed fall—lasts for approximately 50 months, or four years (CALM, 2004). The long 
time period from the first appearance of incipient flower buds to seed fall is not restricted to 
jarrah. Both karri and E. regnans generally take four to five years from the emergence of the 
inflorescence to the natural release of seed (Cunningham, 1960; Loneragan, 1979). Natural 
seed shed for E. sieberi generally begins three to three and a half years (40 to 43 months) 
after incipient buds first appear (Bassett, 2002), while post-flowering seed dissemination in 
E. delegatensis may not take place for three to four years (Florence, 2004). Capsule 
maturation in E. viminalis occurred 2.25 years from bud initiation, with seed shed occurring 
two to four months later (Dooley et al. 2010). 
59 
 
The average number of viable seeds produced within each mature jarrah capsule is 
approximately 1.6 (CALM, 2004). This is comparable to other large Western Australian 
eucalypt species such as E. wandoo (mean of 1.5 viable seeds per capsule) and Corymbia 
calophylla (mean of 3.1 viable seeds per capsule) (Gill et al. 1992). Similarly, E. sieberi 
contains an average of 1.4 viable seeds per capsule, and E. globoidea slightly less with 1.2 
viable seeds per capsule (Bassett, 2002). E. regnans contains an average of 2.1 viable seeds 
per capsule, although this figure may be conservative (Ashton, 1975). Yates et al. (1994) 
found the mean number of seeds per fruit for E. salmonophloia ranged from 1.5-2.9. Burrows 
and Burrows (1992) identified the mean number of seed per capsule to be 2.5 for E. 
populnea, 3.4 for E. moluccana (grey box), 3.4 for E melanophloia, and 1.9 for E. crebra. 
The amount of seed produced in eucalypt forests from year to year is highly variable 
(Florence, 2004; Semple et al.; 2007; Vesk et al. 2010). Although in many instances 
individual trees may hold varying degrees of viable seed all year around, there is a tendency 
for species such as jarrah to undergo high–low seeding cycles over the longer term. In the 
case of jarrah, a major seeding event occurs once every four to seven years (Abbott et al. 
1989; CALM, 2004). Ashton (1975) found that inflorescence development in E. regnans was 
up to sixty-five times greater during a good year compared to a poor year. The amount of 
seed produced at the level of individual tree, stand and district, is thought to be highly 
dependent on localised climatic factors and resource availability through each stage of the 
floral sequence (Abbott and Loneragan, 1986; Yates et al. 1994; Florence, 2004; Dooley et 
al. 2010; Semple and Koen, 2010). The influence of site quality, stand density, internal 
carbon and nutrient availability, pollinator abundance and pollen quality are also recognised 
as being limiting factors in the development of seed crops (Yates et al. 1994; Chaix et al. 
2007; Suitor et al. 2008; Varghese et al. 2009; Suitor et al. 2010; Archibald et al. 2012; Hoch 
et al. 2013).  
The release of canopy-stored seed is an important stage in the reproductive cycle of 
eucalypts, since the timing and quantity of seed released can have a strong influence on tree 
recruitment and subsequent forest structure. Cremer (1965b) described two distinct stages 
involved in eucalypt seed dispersal. Firstly, the process of capsules opening and releasing 
seed; and secondly, how that seed falls to the forest floor. Eucalypt seed is not released until 
the mature capsules have died and dried out (Florence, 2004). The death and drying of the 
capsules is caused by the formation of an abscission layer either at the base of peduncle (as is 
the case with E. regnans) and/or at the base of capsule-bearing twig (pedicel) (as with E. 
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nitida; formally E. simmondsii) (Cremer, 1965b). The lack of connection to the conductive 
tissue of the tree causes the capsule to dry, which then triggers a number of morphological 
changes that result in dehiscence. Changes include the separation of the seed from the 
placenta, the widening of the loculi and the opening of the valves of the capsule. The seed is 
then shed from the capsule and dispersed via gravity and/or wind (Cremer, 1965 a,b; 
Florence, 2004; Semple et al. 2007). Mature eucalypt capsules release a mixture of fertile 
seeds and sterile chaff or ovulodes (Gill et al. 1992). 
Natural release of eucalypt seed has been shown in many studies to be climate dependent 
(Florence, 2004). The annual peak in eucalypt seed release generally occurs during summer 
and autumn when the capsules dry out, although seed may fall in lesser quantities throughout 
the year. Abbott and Loneragan (1986) observed that natural jarrah seed release (or shedding) 
follows a seasonal pattern, with peaks occurring in the hotter, drier months from January to 
March. Summer peaks in seed fall have also been recorded in E. delegatensis and E. regnans 
(Cremer, 1965a; O’Dowd and Gill, 1984). Although seasonal drying has been attributed to 
increases in the amounts of seed fall in many eucalypt species, inter-annual patterns of 
natural seed fall have been shown to be highly variable, both within and between eucalypt 
species (Bassett, 2002; Neyland et al. 2003; Semple et al. 2007; Dooley et al. 2010). 
Fire induces seed fall in eucalypts and other serotinous species by hastening the natural 
drying process of seed capsules. Rapid dehiscence of capsules can lead to a mass 
synchronised release of seed in the first few days or weeks following a fire (Christensen, 
1971; O’Dowd and Gill, 1984; Whelan, 1986; Bassett and White, 1993; Whelan, 1995; Bond 
and van Wilgen, 1996; Florence, 2004; Ooi et al. 2006; Clarke et al. 2013). The timing and 
amount of fire-induced seed fall may be dependent on factors such as the intensity of the fire 
and degree of crown scorch, prevailing post-fire weather conditions, and the size and 
maturity of the canopy seed crop. Christensen (1971) found that mass seed fall in karri stands 
began approximately two days after a high intensity fire, five to seven days after a moderate 
intensity fire and seven to ten days after a low intensity fire. Seed fall was almost complete 
within a fortnight following both high and moderate intensity fires, with low intensity fires 
inducing release of only a small fraction of the total estimated seed crop (Christensen, 1971; 
Briedahl and Hewett, 1995). 
Post-harvest regeneration burning is used to induce mass seed fall for the purpose of 
promoting regeneration in a number of eucalypt species (Cremer, 1971; Abbott and 
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Loneragan, 1986; Florence, 2004). The use of fire to induce seed fall is a fundamental 
objective in shelterwood-treated jarrah forest, with the aim of this silvicultural technique 
being to promote seedling regeneration in areas that lack a lignotuberous seedling pool 
(McCaw et al. 2011). Prescribed fire is generally applied under mild conditions, within 
coupes where canopy seed crops are qualitatively deemed sufficient to induce the maximum 
amount of seed fall possible onto a receptive seedbed, and thus increase the likelihood of 
successful recruitment (CALM, 2004; Dooley et al. 2010). 
The synchronisation of optimal-sized crops of canopy capsules with prescribed burning in 
shelterwood-treated coupes raises two key challenges. Firstly, there is the need to time post-
harvest prescribed burning to coincide with optimal canopy capsule crops, so as to maximise 
the amount of available seed (for recruitment) for a given coupe. Secondly, it is necessary to 
establish the best time of year to burn, to induce the maximum amount of seed fall possible 
following post-harvest prescribed burning. 
This chapter describes: i) the spatial patterns of pre-burn canopy seed crops, and factors 
influencing this variation; and ii) spatial and temporal patterns of fire-induced seed fall, and 
factors influencing this variation. The chapter also determines: iii) if pre-burn canopy capsule 
crop assessments are a good predictor of seed fall. 
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5.2 METHODS 
 
5.2.1 Study Sites 
 
Selection of study sites was limited by access to shelterwood-treated coupes subject to 
prescribed regeneration burning within the study timeframe. Nine sites were selected between 
May 2007 and October 2008 (Table 5.1). Due to Department of Parks and Wildlife (DPaW) 
prescription burning protocols, three sites (Taree, Arcadia and Greenbushes) were not burnt 
because conditions for ignition were unsuitable. All burns were conducted under mild 
conditions, with calculated fire intensities across the study sites below 1000 kW m-1 (Table 
4.2, Chapter 4).  
Table 5.1. Summary of site details including coupe name, location, month and year of seed crop assessment, 
number of trees assessed, burn date, number of burnt and unburnt transects. 
 
 
5.2.2 Sampling Design 
 
Study transects consisted of 200 x 1 m long belt transects randomly established across each 
of the study sites (200 m2), with a 25–50 m buffer from roads/trails/tracks to the start of each 
transect. Transects were separated by at least 100 m, and generally 200 m. Prior to 
prescription burning, six ‘microsite’ sites were randomly established along each transect and 
were used to assess pre-burn canopy seed crops, as well as measure fire characteristics, post-
burn seed fall, seedbed conditions, and emergent and established jarrah seedlings. Transects 
were used as a unit of replication to investigate broad-scale trends, while microsites were 
used as a unit of replication to investigate fine-scale trends. 
Spring
Dale 32°13'S, 116°23'E Oct-07 95 22/10/2007 5 2
Palmer 33°17'S, 116°14'E Oct-07 70 15/10/2007 5 1
Taree 32°51'S, 116°16'E Oct-07 67 n/a n/a 7
Arcadia 33°28'S, 115°58'E Oct-07 63 n/a n/a 5
Morgan 33°02'S, 116°27'E Sep-08 89 9/10/2008 5 2
Chalk 33°05'S, 116°18'E Sep-08 67 11/10/2008 4 2
Autumn
Amphion 32°47'S, 116°11'E n/a n/a 24/05/2007 4 0
Helms 33°57'S, 115°39'E Mar-08 61 12/4/2008 4 2
Wilga 33°44'S, 116°11'E Mar-08 55 12/4/2008 5 2
Greenbushes 33°53'S, 116°01'E Mar-08 34 n/a n/a 4
Number of 
Burnt Transects
Number of 
Unburnt 
Transects
LocationSite Seed Crop Assessment
Number of 
Trees Assessed Burn Date
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5.2.3 Assessment of Pre-Burn Canopy Capsule and Canopy Seed Crops 
 
Canopy Seed Stores 
 
At each microsite, a 360° sweep was conducted to identify trees containing canopy capsules 
that were within a maximum of one and a half tree heights’ distance from the seed trap. 
Anecdotal evidence gathered by Abbott and Loneragan (1986) suggests that jarrah seed may 
disperse a distance equal to the height of the source tree. Cunningham (1960) stated that the 
effective distance of seed dispersal was between 1-1.5 tree heights for E. regnans. This study 
has used a potential dispersal distance of one and a half times the height of the source tree to 
ensure that all canopy-stored seed with reasonable potential of reaching the point of 
assessment (seed trap) was estimated. 
Tree Assessments and Canopy Capsule Assessments 
 
The methodology for assessing canopy capsule crops for individual trees follows the 
procedure developed in Chapter 3. The stem diameter at breast height (1.3 m, DBH) was 
measured and the capsule clump density (CDEN) and capsule clump distribution (CDIS) 
were estimated for each tree (Table 3.5). CDEN, defined as the density of individual 
capsules, was rated on a scale of 0–5, 0 being 'no capsule clumps' and 5 being 'very dense 
clumps'. CDIS is the spatial arrangement of capsule clumps throughout the canopy. It was 
rated on a scale of 0–5; with 0 being 'no capsules' and 5 being an 'even distribution' (see 
Chapter 3). The predictive model developed in Chapter 3 was used to provide a quantitative 
estimate of total canopy capsule numbers per tree (TCe); refer to Table 3.6 for details. 
Converting Individual Tree Estimates to Canopy Capsules per Hectare 
 
To convert estimates of total canopy capsules per individual tree to an estimate of canopy 
capsules per hectare for each transect, the following procedure was used: 
i) The largest (tree height) outermost seeding tree within 1.5 tree heights from each 
seed trap position was identified. 
ii) The distance from that tree to the seed trap (r) was measured. 
iii) The measured distance was used to calculate an ‘area of influence’ in m² (A = πr²) 
and then scaled up to hectares (ha) (1 m² = 0.0001 ha). 
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iv) Smaller seeding trees that were assessed from the focal point (seed trap) were 
added to this area, giving the number of seeding trees and canopy capsules per 
‘area of influence’, expressed per hectare. 
v) The areas of influence were added together and converted to provide an estimate 
of the number of seeding trees per hectare and canopy capsules per hectare for 
each transect. In addition to canopy capsule numbers, an estimate of aerial seed 
crop was also obtained, using the figure of 1.6 seeds per capsule (CALM, 2004). 
There are no established procedures for using tree-based estimates of seed crop to estimate 
seed fall into individual traps. Although the estimation procedure used was basic, it was 
essential in order to estimate the number of ‘seeding trees’ per hectare and thus canopy 
capsules per hectare. The alternative was to base these estimates on some measure of stand 
structure, such as basal area. Using the approach adopted is advantageous, as many 
mechanistic models of seed dispersal state that tree height is one of the primary influences of 
seed dispersal distance (Nathan et al. 2001; Nathan et al. 2011). Extrapolating the number of 
canopy capsules assessed from individual trees to a per hectare basis using basal area sweeps 
may have overestimated the amount of canopy capsules per hectare, as not all of these trees 
would contain capsules. This same estimation procedure was also used to provide a 
quantitative estimate at the micro-site scale i.e. the total number of canopy seeds that had the 
potential to reach each seed trap. 
5.2.4 Fire Characteristics 
 
Flame height, canopy scorch height and percentages of canopy scorch were measured at the 
six randomly positioned microsites along the burnt transects. Flame height was measured by 
soaking 3 m lengths of 4 mm diameter cotton string in di-ammonium phosphate, a fire 
retardant chemical. Weights were attached to the bottom of the strings and they were 
suspended between two adjacent trees from a height of 3 m in the middle of each microsite 
using 1.5 mm to 2 mm gauge wire (Ryan, 1980; Finney and Martin, 1992; McCaw et al. 
1997). The scorch height (height of uppermost blackened/charred portion of the string from 
the ground) on each piece of string was measured in metres, providing an estimate of flame 
height for each microsite and then averaged over the six microsites in each transect, to 
provide an estimate of flame height for each transect. 
Post-fire maximum canopy scorch heights and percentages of canopy scorch were recorded at 
each microsite. Standing in the centre of each microsite, a laser range finder (Vertex™) was 
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used to record the maximum scorch height on every tree in a 360° circle. In addition to 
measuring maximum scorch heights, visual assessments were made as to the proportion of 
each tree crown that had been scorched, using 10% intervals ranging from 0% crown scorch 
to 100% crown scorch (McCaw et al. 1997). Scorch was defined as browning of leaves 
within the tree crown as a result of heat from the fire. From these measurements, an estimate 
of mean maximum canopy scorch height in metres and mean percentage canopy scorch was 
obtained for each microsite and for each transect. 
5.2.5 Assessment of Post-Burn Seed Fall 
 
Seed traps consisted of sheet metal funnels with an approximately 1 x 1 m square opening 
with 15 x 25 cm nylon mesh attached to the bottom of the funnel by Velcro™ strips (Plate 
5.2). Fence droppers (1.5 m in height) were used to position the traps above the ground and 
fix them into place. Six traps were placed at each microsite on each burnt and unburnt study 
transect the day after burning.  
 
 
Plate 5.2. Seed Trap in Position Post-Burn at the Palmer Study Site. Photograph J. Cargill. 
 
Seeds were collected from each trap weekly for the first month post-burn, and then every 
month thereafter for 11 months (one year total). Mesh bags were removed from the funnels, 
the contents emptied into a marked zip-lock bag, and the mesh bag replaced on the trap. A 
sieve was used to screen the larger debris caught in the bag (e.g. twigs and leaves) prior to 
sorting and counting the seeds. Seeds were separated from chaff and were defined as 
developed ovules based on their size (>4 mm) and colour (black) (Abbott and Loneragan, 
1986). 
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5.2.6 Statistical Analysis 
 
Analysis of variance (ANOVA; one and two-way) was used to test for significant differences 
in seed tree and seed capsule density, seed fall amounts, and fire characteristics between 
study sites, between burnt and unburnt transects and between sites assessed in spring and 
autumn. Where required the data were appropriately transformed to provide a normal 
distribution, with normality tested using the Shapiro-Wilk test. Unequal variances were tested 
using a Levene’s test. Tukey post-hoc tests were used to identify homogeneous subsets and 
group sites according to similarities in mean number of seed trees per hectare and mean 
canopy capsules per hectare. The aforementioned tests were determined using IBM SPPS 
Statistics v. 19.0. 
Seed fall data were converted to seed fall per hectare using the mean the number of seeds 
captured in traps per transect (six traps per transect) and the results reported as the mean seed 
fall per hectare for each week, month and/or year. 
Linear regression analyses were used to test relationships between seed fall and 
environmental factors and to describe relationships. In addition, they were used to investigate 
whether pre-burn canopy seed crop estimates were a good predictor of post-burn seed fall. 
All variables were evaluated for normality, homoscedasticity and independence of residuals. 
Where required, the data were appropriately transformed to provide a normal distribution, 
with normality tested using the Shapiro-Wilk test. Unequal variances were tested using a 
Levene’s test. Regression analyses and associated tests were determined using IBM SPPS 
Statistics v. 19.0. 
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5.3 RESULTS 
 
5.3.1 Assessment of Pre-Burn Canopy Capsule and Canopy Seed Crops in 
Shelterwood-Treated Jarrah Forest 
 
The mean number of seeding trees across the nine sites ranged from a high of 21.7 ha-1 at 
Dale, to a low of 7.0 ha-1 at Greenbushes (Table 5.2). One-way ANOVA showed a significant 
difference in the mean number of seeding trees ha-1 between the sites (F = 4.57, p = <0.01). A 
Tukey post-hoc test identified Dale as having a significantly higher number of seeding trees 
(21.7 ha-1) compared to the other sites (Table 5.2). Sites assessed in spring were shown to 
have a significantly higher number of seeding trees than those assessed in autumn (F = 6.37, 
P = 0.015). 
Table 5.2. Estimates of the mean and standard error (S.E.) of seeding trees and canopy capsules ha-1, and one-
way ANOVA and Tukey test results (a,b,c = indicate differences between sites). 
 
 
The mean number of canopy capsules estimated across the nine sites ranged from a high of 
98 500 ha-1 at Arcadia, to a low of 16 200 ha-1at Wilga (Table 5.2). All sites displayed high 
standard errors in the mean number of canopy capsules per hectare. One-way ANOVA 
showed a significant difference between sites in the mean number of canopy capsules per 
hectare (F = 12.6, p = <0.001). The post-hoc Tukey test showed that Taree and Wilga had a 
significantly lower number of canopy capsules per hectare when compared to other sites. 
Arcadia had a significantly higher number of canopy capsules per hectare than the other sites 
Mean S.E. Mean S.E.
Dale Spring 7 21.7b 3.9 65100b,c 10061
Palmer Spring 6 12.7a 2.2 43650b 9331
Taree Spring 7 11.1a 1.2 17980a 2303
Arcadia Spring 5 13.8a,b 0.9 98470c 12417
Morgan Spring 7 11.4a 1.4 51920b,c 11780
Chalk Spring 6 11.8a 1.4 58200b,c 15173
Helms Autumn 6 8.8a 0.8 66160b,c 13534
Wilga Autumn 7 12.0a 1.3 16230a 1348
Greenbushes Autumn 4 7.0a 0.8 64890b,c 87820.8
One-Way ANOVA F p F p
Site 4.57 <0.001 12.65 <0.001
Unburnt vs. Burnt 6.37 0.015 0.71 0.41
Spring vs. Autumn 6.37 0.015 1.22 0.27
Season of 
Burn
Transects 
(n) Seeding Trees ha
-1 Canopy Capsules ha-1
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(Table 5.2). There was no significant difference in the mean number of canopy capsules 
between burnt and unburnt transects (F = 0.7, p = 0.4), or between spring and autumn burnt 
sites (F = 1.2, p = 0.3). 
The distribution of seeding trees across five stem diameter classes showed that Class 1 (0–20 
cm) trees account for 6% of the total number of seeding trees across each site, Class 2 (21–40 
cm) 29%, Class 3 (41–60 cm) 31%, Class 4 (61–80 cm) 22%, and Class 5 (81 cm +) 12% (n 
= 588, Figure 5.1). Dale contained the highest number of Class 1 (0–20 cm) seeding trees at 
23%, while all other sites assessed in spring, except Palmer, had at least one Class 1 seeding 
tree within the site. The Helms site was the only site assessed in autumn to contain a Class 1 
seeding tree, that tree was assessed along a control transect. The number of Class 5 (81 cm +) 
seeding trees was highest at Morgan (18) and lowest at both Chalk (1) and Wilga (1) (Figure 
5.1). 
 
Figure 5.1. Number of individual seeding trees in stages of development and stem diameter classes (DBH). 
The growth stage classifications (classes 1 to 5) are based on the stem diameter class. Sites were 
assessed in either spring or autumn. 
 
The total number of canopy capsules assessed for each tree was placed into ten canopy 
capsule estimate classes, ranging from 0–5000 (Class 1) canopy capsules per tree, to 45 001 + 
(Class 10) canopy capsules per tree (Figure 5.2). Class 1 (73%) and Class 2 (13%) accounted 
for the majority of estimated number of canopy capsules per individual tree (n = 588). 
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Individual trees in Class 9 and 10 were only found in two spring assessed sites, namely 
Arcadia (one Class 9 tree) and Morgan (one class 9 tree and one class 10 tree) (Figure 5.2). 
Wilga displayed the lowest distribution of canopy seed crop classes, with all individual trees 
assessed placed in Class 1. 
 
 
Figure 5.2. Number of individual seeding trees of E. marginata across ten canopy capsule size classes. Sites 
were assessed in either spring or autumn. 
 
The distribution of all seed trees from all sites, both canopy capsule classes and stem 
diameter classes, showed that a large proportion of the trees assessed across all sites 
contained 0–5000 canopy capsules. Such trees were found with a stem diameter class of 21–
40 cm (27%) and 41–60 cm (23%) (n = 588, Figure 5.3). Large seeding trees (61–80 cm and 
80 cm +) showed the greatest range of canopy capsule crops, with 10 individuals containing 
25 001 canopy capsules or more (Table 5.3). 
The mean number of canopy capsules estimated for each seed trap location (microsite) along 
each transect varied from 40 000 to 0 (Figure 5.3). The distribution of canopy capsules along 
each transect at each site (except Taree and Wilga), showed high variation in canopy capsule 
numbers. Large peaks in capsule numbers occurred at: Dale Trap 6, Transect 4 (30 000 
capsules); Palmer Trap 4, Transect 5 (21 000 capsules); Arcadia Trap 5, Transect 1 (32 000 
capsules); Morgan Traps 1 (24 000 capsules) and 6 (44 000 capsules) of Transect 5; Chalk 
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Trap 6, Transect 4 (20 000 capsules); Helms Trap 3 in both Control 1 (26 000 capsules) and 
Control 2 (28 000 capsules) transects; and Greenbushes Traps 3 (28 000 capsules) and 4 (22 
000 capsules) of Transect 1 (Figure 5.3). 
Table 5.3. Frequency of individual trees in total canopy capsule estimate classes against developmental stages 
and stem diameter (DBH) classes. Note: transitions through the typical development stages of 
jarrah trees in relation to stem diameter are approximations. 
 
 
 
Sapling/Pole Pole Pile
0 - 20 21 - 40 41 - 60 61 - 80 81 +
0 - 5000 34 160 136 79 23
5001 - 10000 0 11 24 22 17
10001 - 15000 0 1 19 13 13
15001 - 20000 0 0 2 8 10
20001 - 25000 0 0 1 2 3
25001 - 30000 0 0 0 4 1
30001 - 35000 0 0 0 1 1
35001 - 40000 0 0 0 0 0
40001 - 45000 0 0 0 2 0
45001 + 0 0 0 0 1
Tree
Developmental stages and Stem diameter classes (cm)
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Figure 5.3. Bar charts showing the mean number of canopy capsules (x1000) estimated at each seed trap 
location for each transect. Note: c1 and c2 represent the study site unburnt (control) transects. 
Values estimated using the regression equation reported in Chapter 3.  
 
5.3.2 Assessment of Post-Burn Seed Fall in Shelterwood-Treated Jarrah Forest 
 
Mean total seed fall was 668 200 ha-1 yr-1 and was higher for burnt transects (818 000 ha-1yr1) 
compared to the unburnt transects (518 300 ha-1 yr-1). However, no significant difference was 
found in mean total seed fall between burnt transects and unburnt transects (n = 37, F = 0.79, 
p = 0.38). The difference between individual sites was shown to be significant, with Wilga 
treated areas having far less seed fall than both Dale and Morgan treatments (F = 5.47, p = 
0.002).  
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Table 5.4. Mean total seed fall ha-1 yr-1 recorded over the one-year study period for the study sites. Values 
show the mean ± S.E.M. for burnt and unburnt transects. 
 
 
Mean total seed fall following prescribed burning was higher than in adjacent unburnt 
controls at the Palmer, Morgan and Chalk study sites. However, these variances were not 
significant (p > 0.05; Table 5.4). T-tests were unable to be performed for the Palmer study 
site due to limited replication of the control site (losses incurred due to vandalism).Wilga 
unburnt transects yielded no seed fall over the study period and only one seed trap, of the 30 
established in burnt areas, captured seed. Mean total seed fall per hectare per year at the Dale 
site was very similar between burnt and unburnt transects. In contrast with other sites, the 
mean total seed fall at Helms was shown to be significantly higher in the controls than in the 
burnt areas (n = 6, F = 72.12, p = 0.001). 
In the first week following fire, spring sites showed low mean seed fall of 24 100 ha-1 (Figure 
5.4A). In spring, seed fall peaked in the second week post-fire with a mean seed fall of 320 
600 ha-1. Seed fall gradually declined from the third week post-fire until three months post-
fire, with very little seed recorded from four to twelve months. Approximately 69% of the 
total annual mean seed fall for the spring burnt sites was recorded in the first three months 
following burning. 
Mean seed fall in the autumn burnt sites showed a gradual rise in seed fall from the second 
week post-fire, to reach a peak in the third month with 38 000 seeds per hectare (S.E. = 15 
436) (Figure 5.4B). In contrast to spring burnt sites, seed fall in the first three months post-
fire in autumn sites only accounted for just over 29% of the total annual mean seed fall. 
Seed fall in the spring unburnt transects showed peaks in spring to summer of 2007/08 
(October 2007 to January 2008) and summer of 2008/09 (December 2008 and January 2009) 
Site n Burnt Transects n Unburnt Transects
Spring
Dale 5 1 534 700 ± 40 200a 2     1 582 500 ± 29 100a
Palmer* 5   701 400 ± 18 000 1 108 300 ± n/a
Morgan 5 1 449 400 ± 37 300a 2        368 300 ± 11 600a
Chalk 4     872 000 ± 21 400a 2     130 000 ± 3000a
Autumn
Helms 4   244 600 ± 4 400a 2        920 800 ± 21 900b
Wilga* 5 106 300 ± 3000 2        0 ± 0
Within rows different letters represent significant difference via a Student 's t-test (P < 0.05).
* Student 's t-test was not performed.
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(Figure 5.5). Seed fall in the autumn unburnt transects showed distinct peaks in winter (June 
and August 2008) and to a lesser extent, a peak in summer 2008/09 (December 2008 and 
January 2009). There was very high variability in the mean monthly seed fall data, especially 
those months with high seed fall. Monthly seed fall in unburnt transects showed a weak 
positive correlation with mean maximum monthly temperature (r2 = 0.21, p = 0.04, n = 60). 
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Figure 5.4. Mean seed fall (ha-1) following A: spring post-harvest prescribed burns (± S.E, n = 19); B: autumn post-harvest prescribed burns (± S.E, n = 13). 
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Figure 5.5. Mean natural seed fall (ha-1) for unburnt study transects (± S.E, n = 11). 
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5.3.3 Estimated Canopy Seed Crop and Recorded Seed Fall 
 
The difference between the estimated number of canopy-stored seeds per hectare and mean 
seed fall per hectare at microsites was not significantly different across the spring sites, 
though high within-site variability was recorded (Figure 5.6). Though no significant 
difference was recorded, there was a tendency to underestimate canopy seed numbers at each 
seed trap location. However, autumn sites did show a significant difference between the 
numbers of canopy seeds estimated per hectare and mean seed fall per hectare following fire, 
with estimated seed crop being consistently greater than seed fall (Figure 5.6). At the micro-
site scale a moderate positive correlation was found between the mean number of seeds 
estimated per hectare and the mean seed fall per hectare, one year post-burn (r2 = 0.48, n = 
168). A weak positive correlation was found between the estimated number of canopy seeds 
per hectare and the total number of fallen seeds per hectare in unburnt transects (r2 = 0.32, p 
= 0.04, n = 66). Extrapolating results and comparing estimated canopy seed crop per hectare 
and total seed fall per hectare per year for study sites, reveals a substantially underestimated 
post-burn seed fall when based on canopy seed estimation. 
 
Figure 5.6. Seed fall (seeds ha-1 ± S.E.) for sites burnt spring and autumn vs. the estimated number of canopy 
seeds stored (ha-1 ± S.E.) prior to burning. Paired t-tests were used to test for significant 
differences (p <0.05) between the natural logarithm of recorded seed fall and the natural logarithm 
of estimated canopy seed stored.  
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5.3.4 Influence of Fire Behaviour and Pre-Burn Canopy Seed Crop on Seed Fall 
 
Fine-scale variation—that is, variation between microsites—in fire characteristics and seed 
fall was shown to be high, both within and between transects. As a result, regression analysis 
revealed very low predictive coefficients (Table 5.5). Regression analysis demonstrated that 
flame height (MFH) was unrelated to total seed fall (r2 = 0.01, n = 122). Maximum canopy 
scorch (MCS) and percentage of canopy scorch (MPCS) had a weak positive correlation with 
total seed fall (r2 = 0.15, n = 95). Combining all three fire variables produced an improved, 
but still weak, predictive coefficient for total seed fall (r2 = 0.38 n = 70) (Table 5.5). 
Indicators of fire behaviour such as MCS, MPCS and MFH were shown to be poorly 
correlated to total annual seed fall (Equations 1 and 2 in Table 5.5). The natural logarithm of 
estimated mean canopy seed crops per hectare (MSE) and the mean number of seeding trees 
per hectare (MST) were shown to provide moderate positive correlations with the natural 
logarithm of mean total seed fall per hectare per year (Equations 3 and 4 in Table 5.5). By 
combining fire behaviour indicators and pre-burn seed crop estimates, moderate to strong 
positive predictive coefficients were achieved for the natural logarithm of mean total seed fall 
per hectare per year (Equations 5 and 6 in Table 5.5). Note that the varied n values for 
equations are a result of losses of flame retardant strings during the prescription burns, that is, 
a small number of strings were completely consumed by the fire. 
Table 5.5. Regression equations for estimating total annual seed fall in jarrah from fire and seed tree 
characteristics. B = Coefficient, C = Constant, standard errors of estimate (s.e.e) are shown in 
parentheses. 
 
  
MCS MPCS MFH MSE MST
1 17 -2.37 (0.88) 1.26 (0.87) 10.22 3.71 0.33
2 13 -2.91 (1.73) 1.20 (1.37) 1.47 (0.95) 9.34 2.07 0.38
3 27 2.44 (0.50) -16.46 23.61 0.48
4 27 2.39 (0.49) 0.09 (0.06) -17.03 14.03 0.53
5 13 -0.44 (1.70) -0.09 (1.21) -0.09 (0.98) 2.48 (0.98) -16.39 3.99 0.64
6 13 0.17 (1.71) -0.61 (1.24) 0.03 (0.96) 2.70 (0.96) 0.15 (0.12) -20.18 3.75 0.70
Where MCS = ln (mean maximum canopy scorch height); MPSC = ln (mean percentage of canopy scorched); MFH = ln (mean 
flame height); MSE = ln (mean pre-burn canopy seed crop estimate per hectare) and; MST = mean number of seeding trees  
per hectare.
Variables: B (s.e.e.)
C F r2Equation n
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5.4 DISCUSSION 
 
5.4.1 Assessment of Pre-Burn Canopy Capsule Crops in Shelterwood-Treated Jarrah 
Forest 
 
CALM (2004) showed that a stand in the northern jarrah forest can produce approximately 
430 000 jarrah seeds per hectare per year, while other studies have recorded between 90 000 
and 353 000 jarrah seeds per hectare per year (Abbott and Loneragan, 1986). The results of 
this current study showed an available canopy seed crop of less than half that of the previous 
studies, with a maximum of 157 500 seeds per hectare per year at the Arcadia, to a minimum 
of 26 000 seeds per hectare per year at Wilga. The lower estimates of canopy seed numbers 
was in part expected, possibly because this study conducted a single assessment of canopy 
capsule numbers prior to post-harvest burning, and did not incorporate a long-term temporal 
component. In addition, the removal of trees through harvesting operations would invariably 
reduce the number of trees in a given area, reducing the number of crop trees contributing to 
aerial seed supplies.  
The timing of each capsule crop assessment with regard to long-term reproductive cycles 
could also have significantly altered the estimated numbers present in each of the study sites. 
Long-term reproductive cycles are strongly influenced by site and climatic conditions, which 
limit nutrient and water availability. Such limitations influence the allocation of resources to 
reproduction, which in turn would affect the timing of initiation of incipient buds and losses 
of floral parts at various stages in the reproductive cycle (Florence, 2004). Although there 
will be some trees within a stand that carry seed in each season, the intensity of seeding will 
vary, and heavy seeding in jarrah has been identified as occurring only every four to seven 
years (Abbott and Loneragan, 1986). The variation in and between heavy and light seeding 
years means that canopy capsule crops will vary greatly from year to year, from stand to 
stand and from tree to tree (Cremer, 1971; Florence, 2004; Semple et al. 2007). Dooley et al. 
(2010) found that mature capsule numbers in E. viminalis ranged from 0 in 2005 to 7.7 
million per hectare in 2004. Bassett (2002) found that over a four-year period, capsule set for 
E. sieberi ranged from 0 to 2 171 999 ha-1 and for E. globoidea ranged from 1 604 to 1 299 
873 ha-1. Similarly, Ashton (1975) found that over a five-year period a mature E. regnans 
forest varied in capsules set from 69 000 to 7.1 million ha-1. It is unclear whether the sites in 
this current study represented low, average or high seeding cycle for jarrah forest. What is 
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evident is that significant inter- and intra-site variation in canopy capsule numbers was 
recorded and this is probably an inherent characteristic of jarrah forests.  
High natural variability in canopy capsule numbers has been attributed to individual trees, or 
groups of trees, responding differently to localised climatic events at each stage of the 
floristic cycle (Semple and Koen, 2010; Vesk et al. 2010). In the current study, this variable 
response, whatever the cause, has led to both fine-scale and broad-scale spatial heterogeneity 
in canopy capsule numbers and thus the amount of available seed. High spatial variability in 
canopy capsule numbers is coupled with the fact that individual jarrah trees can contain a 
range of capsules at different developmental stages (Chapter 3). High spatial and temporal 
variability in aerial seed supply, at varying scales, has the potential to influence the 
development and maintenance of jarrah forest structure. This invariably leads to the 
development of multi-age and multi-cohort seedlings under the existing tree canopy. 
The number and distribution of large individual trees containing heavy capsule crops was 
identified as being an important factor in determining overall canopy capsule crops. The 
spatial arrangement of these trees within stands was a primary driver for variability in 
available canopy seed supply. Such trees, termed ‘super trees’, were defined as trees with a 
minimum stem diameter of 60 cm and canopy capsule crop greater than 20 000 capsules. The 
larger the diameter of the tree, the greater the capacity that individual has to produce an 
exceptionally large canopy capsule crop. This is a direct reflection of the form of the 
predictive relationship developed in Chapter 3. Similar allometric relationships between stem 
diameter and crown values (e.g. leaf area, crown dimensions and seed crops) have been seen 
across many other eucalypt species including, but not limited to E. nitens, E. obliqua, E. 
regnans, E. delegatensis, E. grandis and E. pilularis (Medhurst et al. 1999; Florence, 2004; 
Montagu et al. 2005; Bar-Ness et al. 2012). Moreover, Vesk et al. (2010) suggested that 
individual tree fecundity is driven by tree size, as large trees experience less intraspecific 
competition. 
The distribution of super trees led to high within-site variability, producing areas of high 
canopy capsule numbers intermingled with areas of low canopy capsule numbers. Although 
seeding trees at the pole (21–40 cm diameter) and pile (41–60 cm diameter) developmental 
stages containing 0–5000 canopy capsules accounted for the majority of seed trees assessed 
in this study, it is likely that the spatial patterns of super trees are critical in determining the 
potential recruitment of new seedlings after shelterwood treatments. Maximising the number 
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of super trees retained, and ensuring an adequate spatial distribution of these trees in 
shelterwood treatments would provide a greater capacity for these sites to develop large 
canopy capsule crops. Increasing retention rates of such large trees (minimum stem diameter 
of 60 cm) would increase the chances of satisfying regeneration stocking standards after one 
prescribed fire event. It would also boost episodic recruitment over the longer term, by 
increasing the capacity of a site to provide a continual seed supply to the forest floor, and thus 
gradually developing seedling cohorts over multiple years.  
The season of canopy capsule assessment had no significant effect on the mean numbers of 
canopy capsules. This was an unexpected finding, given that jarrah capsules ripen in early 
winter and so should be at their peak numbers during spring (Abbott and Loneragan, 1986). 
Results suggest that differences in the estimated number of canopy capsules were a 
site-specific phenomenon, related to long-term reproductive cycles rather than differences 
associated with season. The limited timeframe of this study meant that including a temporal 
component in relation to estimating canopy capsule crop numbers was not possible. Ideally, a 
study of the long-term development of jarrah canopy capsule crops would need to be 
undertaken across multiple seasons over a four to seven-year period, to capture major seeding 
events (Abbott and Loneragan, 1986; Abbott et al. 1989; CALM, 2004). 
5.4.2 Assessment of Post-Burn Seed Fall in Shelterwood-Treated Jarrah Forest 
 
The average rate of natural seed fall in the current study (518 300 ha-1yr-1) was higher than 
that recorded by CALM (2004), who reported an average seed fall of 448 000 seeds ha-1yr-1 
and almost double that recorded by Kimber (1970; reported in Abbott and Loneragan, 1986) 
with an average seed fall of 280 000 ha-1yr-1. Jurskis and Grigg (1996) found that mean 
annual seed fall ha-1yr-1 in E. fastigata was variable both within and between study sites, 
ranging from a high of 1 308 000 to a low of 335 000 ha-1yr-1. Ashton (1979) showed annual 
seed fall in 165-year-old E. regnans stands ranged from a high of 48 967 ha-1 to a low of 16 
592 ha-1. The timing and abundance of natural seed fall, as with canopy capsule numbers, was 
shown to be highly variable between individual trees and stands of trees. Semple et al. (2007) 
attributes variability in natural seed fall to varying dominance, age, health and aspect of 
individual trees within a stand. The nature of the sampling design in this current study (i.e. 
randomly positioned seed traps along well-spaced 200 m long belt transects), lends itself to 
capturing natural within-site variability, a factor previously explored in relation to canopy 
capsule numbers (Chapter 3). 
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Natural seed fall across unburnt transects was slightly higher in the hotter, drier months of the 
year, particularly in December 2007 and January 2008. However, natural jarrah seed fall can 
occur at any time of the year and this summer peak, coupled with low consistent seed fall 
throughout the year, agrees with the observations of Abbott et al. (1989 and CALM (2004). 
Natural patterns of seed fall recorded in this study showed a weak positive correlation with 
mean maximum monthly temperature (r2 = 0.21, n = 60). CALM (2004) recorded a stronger 
positive correlation between jarrah seed fall and monthly mean maximum temperature (r = 
0.57, n = 41). The high spatial and temporal variability in natural jarrah seed fall recorded in 
this study is expected to lead to episodic recruitment (i.e. when sporadic seed fall events 
coincide with suitable microsite conditions) and thus multi-cohort development (Turner et al. 
2009). 
The rate of seed fall substantially increased following prescribed burning under mild 
conditions, from unburnt levels of 518 300 seeds per hectare per year, to post-burn levels of 
818 000 seeds per hectare per year. Similar fire-induced responses have been observed by 
Bassett and White (1993), who showed that slash-burning increased seed fall from 10 181 
seeds per hectare pre-burn, to 276 294 seeds per hectare post-burn (a twenty-sevenfold 
increase) in dry sclerophyll forests. In addition, O’Dowd and Gill (1984) found a twofold 
increase in seed fall following fire in E. delegatensis forests. However, the increase in seed 
fall recorded in the current study was not significant, largely due to high inter- and intra-site 
variability in post-burn seed fall. The source of this current study’s variability appears to be at 
the transect level and possibly occurred because a number of seed traps were located near 
large heavy seeding trees or ‘super trees’. Single transects containing ‘super trees’ recorded 
much higher seed fall than transects where such trees were absent. An example of within-site 
variability was observed in the Morgan site, where one burnt transect contained three large 
heavy seeding trees that accounted for over 40% of the total site seed fall. This finding 
further highlights the importance of retaining large trees (≥ 60 cm stem diameter) in 
shelterwood-treated jarrah forest. Not only do such trees have a greater capacity to hold and 
develop large canopy capsule crops, but following a single-fire event, these trees contribute a 
substantial proportion of the seeds reaching the forest floor. The number and spatial 
arrangement of ‘super trees’ in shelterwood-treated jarrah forest therefore, may have a 
limiting effect on the successful recruitment of jarrah, both in the short and longer term. 
The temporal pattern of seed fall was found to be highly synchronised following low intensity 
prescribed burning in spring. Seed fall peaked in the second week post-burn, after which it 
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gradually declined until about three months. Thereafter, seed fall maintained a low, but 
relatively consistent, level for the rest of the study period. Approximately 69% of annual seed 
fall was shed in the first month following the spring burn. Similarly, Christensen (1971) 
found that mass seed fall in karri stands began approximately seven to ten days after a low 
intensity fire. Such synchronous levels of post-burn seed fall serve to provide the highest 
amount of seed possible to the forest floor, in the shortest period of time. In doing so, this 
increases the chances of an individual seed avoiding predation (via predator satiation), as well 
as the chances of being incorporated into a ‘safe site’ or microsite suitable for germination, 
emergence and establishment (O’Dowd and Gill, 1984; Battaglia and Reid, 1993; Ashton and 
Martin, 1996; Li et al. 2003; Bailey et al. 2012). Results also showed that burning under mild 
conditions did not result in complete dehiscence of capsules, and that low levels of seed fall 
continued throughout the following year, contributing to the soil seed bank.  
In contrast, seed fall following autumn burning did not follow a clear post-burn pattern, 
though a slight peak in seed fall was observed at three months. Seed fall patterns following 
autumn burns may be influenced by a greater number of capsules already open before the 
fire, as well as localised weather conditions associated with the cooler months (e.g. cool 
temperatures, rain, frost) that inhibit the drying of capsules. Delayed and unsynchronised 
seed falls may in fact benefit recruitment, since peak seed fall occurred during the cool, wet 
winter months of June and August, which are the months most favourable for seed 
germination (Abbott and Loneragan, 1986; Stoneman, 1992). Jurskis and Grigg (1996) found 
that sowings of E. fastigata seed in winter led to more established seedlings compared with 
other seasons, since the spring emergent seedlings from these sowings had a high survival 
rate. Due to external constraints placed on site selection as outlined in Chapter 2, only two 
survey sites were burnt in autumn. As a result, statistically supported conclusions relating to 
patterns of seed fall following autumn burns could not be made. 
Fire behaviour indicators such as flame height and canopy scorch were shown to be very poor 
predictors of seed fall. This result is not surprising, given the mild conditions experienced 
with prescribed burns (Chapter 4). The low intensity fires experienced in the study were 
characterised by flame heights which rarely exceeded 3 m and low crown scorching 
(Sneeuwjagt and Peet, 1985). Pre-burn estimates of canopy seed crops and the number of 
seeding trees per hectare showed a much better predictive capacity of post-burn seed fall than 
did indicators of fire behaviour. 
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5.4.3 Estimates of Pre-Burn Canopy Seed Crops vs. Post-Burn Seed Fall 
 
At the microsite scale, the estimated seed crop was found to be comparable to post-burn seed 
fall figures. However, at a broad scale there was a substantial discrepancy between mean 
estimated canopy seeds per hectare and mean total seed fall per hectare per year. This 
suggests that although the method can be used to reasonably accurately assess available seed 
at limited spatial scales (ie individual trees and small groups of trees), extrapolating these 
assessments to a broad scale (both spatially and temporally), may substantially underestimate 
post-burn seed fall. 
Autumn burn sites to some extent did show a significant difference between the seed crop 
estimates and actual measured seed fall. The fact that spring estimates closely resembled 
recorded seed fall—but autumn treatments did not—is important, because the differences in 
autumn could be a consequence of a larger proportion of the capsules being open at the time 
of the burn. However, low replication in autumn burns again cannot be discounted as 
influencing this result. As such, the discrepancy between seed estimates and seed fall figures 
in autumn sites may be an artefact of site variability, more so than being indicative of a 
seasonal trend. Trees were assessed and felled throughout the year and the proportion of open 
capsules over the 24 trees was found to be related to crown size and total capsule numbers, 
and not time of assessment (Chapter 3). 
Though natural seed fall increases in warmer, drier summer months, results suggest all trees 
regardless of time of year will to some extent, contain open capsules. It is recognised that 
making assessments prior to summer may help to reduce the error associated with the number 
of open capsules in a given tree crown. Attempting to account and compensate for a 
generalised seasonal effect on the number of open capsules prior to spring and autumn 
canopy crop assessments is an area requiring further work. A generalised adjustment of seed 
crop estimates for this effect, similar to that of Loneragan (1979), may help improve the 
accuracy of autumn estimates. Maturation of capsules and thus availability of seed at any one 
point in time, is primarily determined by interspecific and intraspecific site conditions, 
leading to spatially variable, multi-aged capsules both within individual tree crowns and 
between stands of trees (Florence, 2004; Semple and Koen, 2007; Vesk et al. 2010; Orscheg 
et al. 2011). 
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Findings have demonstrated that quantifying broad-scale canopy seed crops using the 
Chapter 3 seed crop estimation technique has the potential to produce a reasonably reliable 
prediction of the quantity of post-burn seed fall in any given coupe. Therefore, effective 
quantification of aerial seed crops prior to prescription burning may be essential to achieve 
adequate seedling regeneration stocking standards, given the potential of seed supply as a 
limiting factor for successful recruitment of jarrah in shelterwood-treated jarrah forest. 
However, methodologies relating to the operational use of the seed crop estimation technique 
at the coupe scale rather than at the individual tree scale require further work and field 
validation. This is primarily because of the high inter-site variability recorded in canopy 
capsule crops. Also the assessment points would need to be representative of the entire coupe 
and not biased toward areas of high or low within-site canopy capsule crops. The level, 
logistics and feasibility of such replication at the coupe scale is as yet unclear.  
5.4.4 Conclusion 
 
This study has shown no significant differences between canopy capsule crop sizes assessed 
prior to spring and autumn burns, even though the sites burnt in spring contained a wider 
range of seeding trees, including large saplings and small poles, which added to the aerial 
seed crop. This result suggested that the influences of ‘site’ (e.g. stand structure) rather than 
‘season’ had a far greater influence on the quantity of canopy capsules. Canopy capsule crops 
were shown to be highly variable spatially, with the main source of this variability lying in 
the number and spatial distribution of super trees. 
This study also showed that the season of burn leads to differences in the timing and amounts 
of fire-induced seed fall. Spring burnt sites showed a higher and more consistent release of 
seeds in the first few weeks following fire, whereas seed fall after the autumn burns was more 
variable, with seed release occurring over a longer period. Seed fall numbers were lower after 
the autumn than the spring burns and it appears that this is due, in part, to a higher proportion 
of open capsules, with seeds already released, in the crowns of trees burnt in autumn.  
Making definitive conclusions relating to seed fall patterns and discrepancies in seed crop 
estimation, and seed fall in autumn versus spring burnt sites, are not possible because of the 
low replication of autumn burnt sites and results may thus be an artefact of site differences 
rather than being indicative of a definitive seasonal trend. Nevertheless, the higher and more 
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synchronous post-burn seed fall suggests that operationally spring burning should be 
favoured over autumn burning. 
Post-harvest burning under mild conditions of the current survey did not result in complete 
seed fall, rather peaks in seed fall were observed in the first few weeks post-burn, followed 
by low levels of seed release throughout the year. These findings indicate that factors such as 
variable canopy capsule maturity, both within individual tree crowns and within stands, and 
the limited ability of low intensity burns to supply sufficient heat to induce large broad-scale 
seed falls, are responsible. The high spatial and temporal variability in canopy capsule crops 
and post-burn seed fall recorded under the conditions of this study indicate that there is a 
continual supply of aerial seed in shelterwood-treated jarrah forest. This ongoing seed supply, 
even at low levels, may result in episodic recruitment leading to spatially variable, multi-aged 
(multi-cohort) regeneration under the retained tree canopy independent of any silvicultural 
treatment.  
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Chapter 6 
Recruitment Limitation in Shelterwood-Treated Jarrah 
Forest: Interactive Effects of Seed Supply and Seedbed 
on Emergence and Establishment of Eucalyptus 
marginata Seedlings 
 
 
 
Plate 6.1. Emergent Jarrah Seedlings at the Palmer Study Site. Photo: Dr L.W. McCaw. 
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6.1 Introduction 
 
Ensuring adequate recruitment of dominant canopy tree species is a key requirement for the 
long-term management of multiple-use forests, particularly those in which sustainable timber 
production is a primary objective (Kolb et al. 1990; Dignan et al. 1998; Brose et al. 1999; 
Florence, 2004; Hutchinson et al. 2005; Brose, 2010, Legras et al. 2010; Bailey et al. 2012; 
Neyland et al. 2012). The jarrah forest of south-west Western Australia is currently managed 
for multiple values including, but not limited to, water production, mineral extraction, 
conservation of biodiversity, soil and water quality, recreation and sustainable timber 
production (Conservation Commission of Western Australia, 2004). 
The natural regeneration capacity of jarrah (Eucalyptus marginata) following fire, the 
persistent nature of the species (e.g. lignotuberous habit) and durability of its timber has led 
to widespread timber harvesting activities from the late 1800s to the present (Dell and Havel, 
1989; Bradshaw, 1999; Stoneman et al. 2005; McCaw et al. 2011). A range of silvicultural 
methods, which take into account the biological attributes of jarrah, have been applied in 
jarrah forests. These include thinning to promote growth of retained trees, gap release to 
allow development of ground coppice, and shelterwood to promote seedlings under retained 
trees (Anon, 2004; Abbott and Williams, 2011; McCaw et al. 2011). Effective long-term 
management of these silvicultural objectives relies on an understanding of factors that have 
the potential to limit successful outcomes. One such area requiring further work is identifying 
the key limiting factors for the successful recruitment of jarrah seedlings in shelterwood-
treated jarrah forest (CALM, 2004; McCaw, 2011). 
Despite the widespread and progressive implementation of the shelterwood method (applied 
to over 40% of total harvested area), its application in jarrah forests has had varied success 
(CALM, 2004). For example, the Department of Parks and Wildlife (DPaW) 
FORESTCHECK monitoring project showed that over half the shelterwood-treated jarrah 
forest sites sampled did not meet specified standards for regeneration stocking, ten years after 
treatment (Abbott and Williams, 2011). The reasons for this variability have not been clearly 
identified (CALM, 2004; McCaw, 2011), but it is recognised that the successful regeneration 
and establishment of seedlings are essential processes and indicators of ecologically 
sustainable forest management (Lutze et al. 2004; Neyland et al. 2009; McCaw, 2011). 
Recruitment limitation of canopy Eucalyptus species has been attributed to a variety of 
factors that make up the regeneration niche (Eriksson and Ehrlen, 1992; Young et al. 2005; 
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Bailey et al. 2012). Factors limiting regeneration include: inadequate seed supply (Cremer, 
1971; Yates et al. 1996; Semple et al. 2007; Vesk et al. 2010); predation of seeds (Ashton, 
1979; Stoneman and Dell, 1994), seed dormancy (Cunningham, 1960; Battaglia, 1996); seed 
viability (Boland et al. 1980; Orscheg et al. 2011); soil fungi and pathogens (Florence, 2004); 
seedbed conditions (Gill, 1997; Bailey et al. 2012); microclimatic factors (Battaglia and 
Wilson, 1990; Battaglia and Reid, 1993); and competition for resources, including water and 
light (Facelli et al. 1999). Microsites favourable for seed germination and/or seedling 
emergence may not necessarily be favourable for seedling establishment. This is because the 
survival and growth of seedlings requires resources (light, water and nutrients), which allow 
for carbohydrate reserve allocation to roots and lignotubers (Lamont et al. 1993; Walters and 
Bell, 2005). As such, factors affecting germination and seedling establishment may differ, 
with the extent of litter accumulation, shading, drought, grazing, fire, insect and fungal 
attack, frost, and soil disturbance being different for each stage of regeneration (Facelli et al. 
1999; Li et al. 2003). 
Ensuring a sufficient supply of seeds and the establishment of suitable seedbed conditions 
have been identified as the key requirements for the successful recruitment of target canopy 
species, particularly in the context of sustainable silvicultural practices (O’Dowd and Gill, 
1984; Florence, 2004; Neyland et al. 2009; Dooley et al. 2010; Legras et al. 2010; Vesk et al. 
2010; McCaw, 2011; Pierce and Taylor, 2011; Puerta-Pinero et al. 2012; Puhlick et al. 2012). 
Managers are able to manipulate both factors through the use of prescribed burning, to 
facilitate both mass seed fall and the creation of suitable post-fire seedbed conditions for 
seedling emergence and establishment. However, evaluation of the relative importance of 
each as a limiting factor for the successful recruitment of jarrah is lacking at present.  
The use of prescribed burning following timber harvesting to facilitate seed fall from 
canopies—where large amounts of seeds may be stored in fruit—is a technique used to 
ensure the greatest number of seeds fall at one time. A number of studies have shown that 
seed fall rates significantly increase after fire, particularly in Eucalyptus-dominated forests 
and other forests with dominant serotinous species (Loneragan, 1979; O’Dowd and Gill, 
1984; Bassett and White, 1993; Hancock et al. 2009; Pierce and Taylor, 2011; Clarke et al. 
2013). Releasing canopy seed crops through prescribed burning increases and synchronises 
the amount of seed falling to the forest floor and thus increases the probability of an 
individual seed finding a suitable microsite for both germination and subsequent 
establishment. This concept is of particular importance for jarrah, as it is expected that only 
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around one per cent of all seeds released from the canopy reach the seedling stage (Abbott et 
al. 1989).  
Viability of Eucalyptus seed is not considered to be a significant limiting factor for 
recruitment, although high within-species variability in seed viability has been observed 
(Boland et al. 1980; Florence, 2004). In jarrah, seed viability is generally very high (over 
ninety per cent) and ground exposure has been shown not to reduce seed viability (Abbott 
and Loneragan, 1986). Despite the viability of jarrah seed being high, germination rates under 
laboratory conditions can vary considerably, ranging from twenty per cent to over sixty per 
cent, with the germination of large seeds shown to be higher than that of small seeds (Abbott 
and Loneragan, 1986; Alcoa, 2007). Conditions that influence field germination rates of 
Eucalyptus seeds include soil water potential, atmospheric humidity, soil temperature, soil 
surface characteristics, ambient temperature, shading, pathogens and allelopathy (Battaglia 
and Reid, 1993; Stoneman, 1992; Tozer and Bradstock, 1997; Facelli et al. 1999; van der 
Meer et al. 1999; Li et al. 2003; Orscheg et al. 2011; Bailey et al. 2012). Seed germination 
and emergence of jarrah under field conditions in south-west Western Australia is restricted 
to the winter season, where optimum moisture and temperature conditions (15–18 °C) exist in 
this Mediterranean-type climate region (Stoneman, 1992; Bell, 1999). 
The benefits of using fire to create favourable conditions for the germination, emergence and 
establishment of Eucalyptus species has been widely documented (Cremer, 1965a; Facelli 
and Kerrigan, 1996; Florence, 2004; Enright et al. 1997; van der Meer et al. 1999; Di 
Stefano, 2001; Li et al. 2003; Florentine et al. 2008; Vivian et al. 2008; Neyland et al. 2009; 
Bailey et al. 2012). Since the physical and chemical conditions of the forest floor are highly 
variable (Battaglia and Reid, 1993), there is fine-scale variability in fire behaviour, which can 
lead to the production of heterogeneous seedbeds (Neyland, 2004). The production of 
heterogeneous seedbed conditions at a fine scale provides a greater diversity of microsite 
conditions and thus regeneration niches. The role of prescribed burning in creating suitable 
seedbed conditions in shelterwood-treated jarrah forest has been detailed in Chapter 4.  
The production of favourable post-fire seedbed conditions, particularly ash beds, has been 
shown to have a positive effect on Eucalyptus seedling emergence and growth, with seedling 
establishment rare in undisturbed seedbeds (Yates et al. 1996; Bailey et al. 2012). This 
positive effect could arise from a number of environmental modifications, including 
increased nutrient and moisture availability, more growing space and light, and soil 
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sterilisation (Humphreys and Craig, 1981; Neary et al. 1999; Kennard and Gholz, 2001; 
Adams et al. 2003). Positive influences of ash beds in promoting favourable conditions for 
seedling emergence and/or growth has been shown across a number of Eucalyptus species 
including: E. regnans (Ashton, 1981; Chambers and Attiwill, 1994; van der Meer, et al. 
1999; Turner et al. 2009); E. obliqua (Neyland et al. 2009; Turner et al. 2009); E. wandoo 
(Burrows et al. 1990); E. salmonophloia (Yates et al. 1996); E. delegatensis (Bowman and 
Kirkpatrick, 1986); E. marginata (Abbott et al. 1989); and E. diversicolor (Loneragan, 1979; 
Breidahl and Hewett, 1995). Though many positive effects of post-fire seedbeds have been 
identified, Reyes and Casal (1998) found that when studied under laboratory conditions, ash 
showed no positive effect on the germination of Pinus pinaster, P. radiata or Eucalyptus 
globulus. 
Mortality of eucalypt seedlings and factors affecting mortality are closely related to seasonal 
climatic conditions (van der Meer et al. 1999), with most Eucalyptus seedlings dying prior to, 
or during the first summer (Stoneman, 1992). In addition, fine-scale (microsite) conditions 
can also affect seedling mortality, with losses occurring through high insolation, soil drying, 
frost, pathogenic fungi, and competition for light and soil moisture (Battaglia and Reid, 1993; 
Stoneman et al. 1994; Facelli et al. 1999; Hawkins, 2005; Vivian et al. 2008; Bailey et al. 
2012). Survival beyond the first year is also dependent on the ability of individual seedlings 
to develop food reserves in the form of lignotuberous growths (Florence, 2004). Abbott et al. 
(1989) observed that lignotubers of jarrah seedlings grew faster in the presence of ash beds. 
Tozer and Bradstock (1997) found that risk of mortality of E. luehmanniana seedlings was 
higher in unburnt than on burnt sites. Conversely, unburnt leaf litter, although initially 
providing a mechanical barrier to seeds reaching mineral soil and receiving light, may reduce 
drought stress for emergent seedlings, as leaf litter retains more moisture (Florence, 2004). 
Detailed studies of factors influencing the germination of jarrah seeds and the growth and 
mortality of jarrah seedlings have been well documented and as such are not covered in the 
current study (Abbott and Loneragan, 1986; Abbott et al. 1989; Stoneman, 1992; Stoneman 
et al. 1994). This chapter contributes to these existing studies by investigating the 
comparative roles that seed supply and seedbed conditions play in limiting recruitment of E. 
marginata in shelterwood-treated jarrah forest. Moreover, from a management perspective, 
this chapter addresses the question of whether a disturbance event such as post-harvest 
burning can reliably result in the successful stocking of shelterwood-treated jarrah forest. 
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Specifically, the aims of this study were: i) to quantify and evaluate the densities of emergent 
and established jarrah seedlings at a range of sites subjected to shelterwood treatment, ii) to 
determine the role of broad-scale factors such as burning, site and season in influencing the 
numbers of emergent and established jarrah seedlings; and iii) to determine likely factors 
influencing the numbers of emergent and established jarrah seedlings at a fine scale. 
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6.2 Methods 
 
6.2.1 Study Sites 
The study was undertaken in six shelterwood-treated coupes located in the jarrah forests of 
south-west Western Australia. Selection of study sites was limited by the availability of 
shelterwood-treated coupes which were subject to regeneration burning within the study 
timeframe. With the exception of the Chalk study site, harvested in 2001, sites were all 
harvested within two years of one another. Total retained basal area ranged from 20 m2 ha-1 at 
the Chalk study site, to 35 m2 ha-1 at the Dale study site. Total basal area was calculated at the 
Dale, Palmer, Morgan and Wilga sites by measuring stem diameter at breast height (DBH, 
1.3m) of all trees (>5 cm DBH) +/- 10 m from the main transect line (transects 200 m in 
length; see Table 6.1 for the number of transects per site). Total basal area at the Chalk and 
Helms sites was determined using a glass prism angle gauge with 360° sweeps made every 20 
m along the main transect line. Prescribed regeneration burns were conducted either in 2007 
or 2008, with transects also placed in unburnt controls at each site. Details for each study site 
are summarised in Table 6.1. 
Rainfall data were obtained from the Bureau of Meteorology website, using the closest and 
most representative weather station to each study site, namely Beverley (Dale study site), 
Collie East (Palmer and Chalk study sites), Wandering (Morgan study site) and Bridgetown 
(Wilga and Helms study sites). Rainfall over the study period was similar to long-term 
averages. 
 
Table 6.1. Summary of site details including coupe name, location, year of shelterwood treatment, total basal 
area, burn date, number of burnt transects, number of unburnt transects, long-term average annual 
rainfall and total rainfall for the study period. Note: rainfall data for the study period (one year 
starting from burn date) were obtained from the Bureau of Meteorology website.  
 
 
Spring
Dale 32°13'S, 116°23'E 2004 35 22/10/2007 5 2 414.7 448.5
Palmer 33°17'S, 116°14'E 2005 27 15/10/2007 5 1 843.1 669.4
Morgan 33°02'S, 116°27'E 2006 29 9/10/2008 5 2 505.9 515.6
Chalk 33°05'S, 116°18'E 2001 20 11/10/2008 4 2 843.1 720
Autumn
Helms 33°57'S, 115°39'E 2006 30 12/4/2008 5 2 767.5 724.1
Wilga 33°44'S, 116°11'E 2006 28 12/4/2008 4 2 767.5 708.9
Long-term 
Average Annual 
Rainfall (mm)
Total Rainfall for 
Study Period 
(mm)
Shelterwood 
Harvest
Burn DateSite Location
Total Basal Area 
(m2ha-1)
Number of 
Burnt 
Transects
Number of 
Unburnt 
Transects
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6.2.2 Sample Design 
 
Study transects consisted of 200 x 1 m long belt transects randomly established across each 
of the study sites (200 m2), with a 25–50 m buffer from roads/trails/tracks to the start of each 
transect. Transects were separated by at least 100 m, and generally 200 m. Prior to 
prescription burning, six microsites sites were randomly established along each transect and 
were used to assess pre-burn canopy seed crops, as well as measure fire characteristics, post-
burn seed fall, seedbed conditions, and emergent and established jarrah seedlings. Transects 
were used as a unit of replication to investigate broad-scale trends (ie differences between 
site, burnt/unburnt and season), while microsites were used as a unit of replication to model 
fine-scale relationships between recruitment levels and environmental factors. 
6.2.3 Emergent and Established Jarrah Seedling Surveys 
 
Surveys of emergent seedlings began following the first major autumn/winter rains post-burn, 
and were repeated fortnightly for one year. Along each transect (200 m2), emergent jarrah 
seedlings located within ±0.5 m of the main transect line were marked with a reticulation 
marker flag and recorded. Emergent jarrah seedlings were defined as seedlings containing 
emergent cotyledon leaves. 
Individual marked seedlings in this single-cohort were tracked monthly from first emergence. 
At the end of the survey period (12 months), surviving seedlings were considered to be 
established (Abbott and Loneragan, 1986; Abbott et al. 1989). Where seedling mortality was 
observed, comments relating to possible causes of mortality (e.g. desiccation or herbivory) 
were made. 
6.2.4 Pre-Burn Canopy Seed Crops and Post-Burn Canopy Seed Fall 
 
Pre-burn canopy seed crop and post-burn canopy seed fall data presented in Chapter 5 were 
used to investigate the influence of each on jarrah seedling emergence and establishment. 
Pre-burn canopy seed crop and post-burn canopy seed fall data were used at both the transect 
level to investigate broad-scale trends and at a microsite level to investigate fine-scale trends. 
6.2.5 Post-Burn Site and Seedbed Conditions 
 
Post-burn site and seedbed conditions presented in Chapter 4 were used to investigate the 
influence of the post-fire environment on jarrah seedling emergence and establishment. Post-
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burn site and seedbed condition data were used at both the transect level to investigate broad-
scale trends and at the microsite level to investigate fine-scale trends. 
6.2.6 Data Analysis 
 
Differences in the total number of emergent and established jarrah seedlings between sites, 
between unburnt and burnt transects, and between season of burn were tested, using 
Wilcoxon’s matched pair tests and Kruskal-Wallis tests. The nature and distribution of total 
count data was unable to be transformed to a normal distribution and thus non-parametric 
tests were used. Error bars and/or standard deviation bars were not calculated, since data 
normality could not be assumed. All non-parametric testing was undertaken using IBM SPPS 
Statistics v. 19.0. 
Linear regression analysis was used to test broad-scale relationships between emergent and 
established jarrah seedlings and site variables. In addition, this analysis was used to 
investigate whether these relationships differed between spring and autumn burnt transects. 
Combining transect data and extrapolating to a per hectare basis produced larger established 
seedling counts, which approximated normal distribution and, as such, a parametric approach 
to testing relationships was preferred. All variables were evaluated for normality, 
homoscedasticity and independence of residuals. Where necessary, variables were 
appropriately transformed so they met the Shapiro-Wilk test of normality. Dependent 
variables were the total number of emergent and established jarrah seedlings per hectare. 
Independent variables were grouped into subsets for model building, to better understand the 
influence of variable ‘types’ on emergence and establishment. To reduce model over-fitting, 
highly correlated similar explanatory variables (such as pre- and post-burn canopy cover) 
were reduced to only one variable in analyses. Variable subsets used were: Estimated Seed 
Crop (SC)—total estimated pre-burn canopy seed crop per hectare; Seed Fall (SF)—total 
seed fall per hectare per year; Site, which was the addition of three individual variables: ‘pre-
burn canopy cover’, ‘pre-burn shrub cover’ and ‘post-burn shrub cover’; Non-burnt seedbeds, 
which included the individual variables of ‘cover of non-burnt leaf litter’ and ‘non-burnt 
mineral soil’; Burnt seedbeds, which included the individual variables ‘cover of leaf litter 
ash’, ‘areas burnt to mineral soil’ and ‘log ash’. Site and seedbed variable subsets in isolation 
showed negligible correlations with emergent and established seedling numbers, so they were 
used in combination with estimated seed crop as the basis for model building, potentially 
highlighting the additive effects of site and seedbed conditions on emergent and established 
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seedling numbers. Estimated seed crop and seed fall have been shown in previous chapters to 
be moderately correlated at varying scales. Estimated seed crop (SC) was preferred to seed 
fall (SF) as a basis for model building, as it was seen as a more stable and controllable 
variable. Linear regression models were produced using IBM SPPS Statistics v. 19.0 and 
model assumptions were tested by plotting residuals against fitted values. 
Generalised linear modelling was used to test the relationships between variables at a fine 
scale (microsite level). This approach is better suited to dealing with count data (response) 
and does not assume linear relationships between variables, or normal distribution of 
variables. To reduce model over-fitting, where highly correlated explanatory variables were 
found, only one variable was used in analysis. This applied to the following (with first 
mentioned variable used in modelling): pre-burn canopy cover was highly correlated with 
post-burn canopy and pre-burn leaf litter; pre-burn shrub cover was highly correlated with 
pre-burn shrub height; post-burn shrub cover was highly correlated with post-burn shrub 
height and post-burn litter depth. Models were fitted using a negative binomial response with 
a log-link function. This was preferred to a Poisson function due to the skewed nature of the 
data set (i.e. large number of zeros). To reduce over-dispersion and thus increase Goodness of 
Fit (i.e. so that Pearson Chi-Squared value/df <1.0), standardised Pearson’s residuals obtained 
in primary runs were used as offset variables in producing the final model (McCullagh and 
Nelder, 1989). Likelihood Chi-Squared Ratios were used to gauge the influence of predictor 
variables on response variables. The significance of this ratio was tested using a Chi-Squared 
probability statistic, where p <0.05 was significant and p <0.001 was highly significant. 
Generalised linear models were produced using IBM SPPS Statistics v. 19.0. Model validity 
was checked by plotting residuals against fitted values (McCullagh and Nelder, 1989). 
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6.3 Results 
 
6.3.1 Influence of Site, Unburnt/Burnt and Season of Burn on Numbers of Emergent 
and Established Jarrah Seedlings. 
 
Emergent seedling numbers varied between sites, ranging from a low of 10 emergent 
seedlings per hectare at Wilga, to a high of 1160 emergent seedlings per hectare at Morgan 
(Figure 6.1). Mortality of emergent seedlings ranged from 0% at Wilga to 50% at Palmer. 
The reduction in seedling numbers from first emergence to establishment was significant (p 
<0.05) at Dale, Palmer and Helms (Figure 6.1). 
 
 
Figure 6.1. Mean number of emergent and established jarrah seedlings recorded for each study site. 
Wilcoxon matched pair test results are shown for each site representing the significance (p < 
0.05) or otherwise of the difference between the number of emergent seedlings and the number 
of established seedlings. Note: error bars and/or standard deviation bars were not calculated as 
data was not normally distributed. 
 
Across the six survey sites, mean emergent seedlings was 415 ha-1, with mortality found to be 
30% on average. This reduction in seedling numbers from first emergence to establishment 
was significant (Z = –4.46, p = <0.001, n = 28). When compared to total mean seed fall per 
hectare per year, an average of 0.05% and 0.03% of seed reached the emergent and 
established stages respectively. Emergence and establishment rates for individual sites were 
respectively: Dale 0.02% and 0.02%; Palmer 0.07% and 0.03%; Morgan 0.08% and 0.06; 
Chalk 0.02% and 0.02%; Helms 0.1% and 0.06%; and Wilga 0.001% and 0.001%. 
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The mean density of emergent jarrah seedlings recorded in unburnt transects was 236 ha-1 and 
415 ha-1 in burnt transects, this difference though seemingly large, was not statistically 
significant (p = 0.1, n = 39; Figure 6.2). The density of established jarrah seedlings recorded 
in unburnt transects was 118 ha-1 and 277 ha-1 in burnt transects. This difference in 
established seedlings between unburnt and burnt transect was significant (p = 0.03, n = 39; 
Figure 6.2). Differences between the density of emergent and established seedlings was 
significant in both unburnt (p = 0.03, n= 11) and burnt (p = <0.001, n = 28) transects (Figure 
6.2). 
 
 
Figure 6.2 Mean density of emergent and established jarrah seedlings per hectare for burnt and unburnt 
study transects. Wilcoxon matched pair test results show significant differences (p <0.05) 
between the number of emergent and established seedlings recorded. Note: error bars and/or 
standard deviation bars were not calculated as the data was not normally distributed. 
 
The difference in emergent jarrah seedlings between spring (549 ha-1) and autumn (145 ha-1) 
burnt transects was significant (p = 0.001, n = 28; Figure 6.3). The density of established 
jarrah seedlings recorded in spring burnt transects was 375 ha-1 compared to 80 ha-1 in autumn 
burnt transects. This difference in established jarrah seedlings between spring and autumn 
burnt transects was significant (p = 0.001, n = 28; Figure 6.3). The differences in emergent 
and established jarrah seedlings between spring and autumn burnt transects, though 
significant, need to be treated with a high degree of caution, given the limited replication in 
autumn burnt transects. This is coupled with the fact that the Wilga site recorded very low 
seedling numbers. The difference between the number of emergent and established seedlings 
was significant in both spring (p = 0.002, n = 19) and autumn (p = 0.01, n = 9) transects 
(Figure 6.3).  
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Figure 6.3. Mean density of emergent and established jarrah seedlings between transects burnt in spring and 
autumn. Wilcoxon matched pair test results show significant differences (p <0.05) between the 
number of emergent and established seedlings recorded. Note: error bars and/or standard 
deviation bars were not calculated as the data could not be assumed to be normally distributed. 
 
6.3.2 Factors Influencing Emergent and Established Jarrah Seedlings at a Broad 
Scale. 
 
Estimated pre-burn seed crop per hectare (SC) and post-burn seed fall per hectare (SF) both 
showed a similar moderately strong relationship with emergent seedlings per hectare (Table 
6.2). The addition of site factors (pre-burn percentage canopy cover, pre-burn percentage 
shrub cover and post-burn percentage shrub cover) made little improvement in the predictive 
capacity of the models when combined with pre-burn estimated seed crop (SC). Similarly, 
seedbed types showed little influence in improving the predictive capacity of models when 
combined with pre-burn estimated seed crop (SC). However, burnt seedbeds (leaf litter ash, 
areas burnt to mineral soil and log ash; R2 = 0.50, p = 0.002, n = 28) did show slightly more 
influence than did unburnt seedbeds (non-burnt leaf litter and non-burnt mineral soils; R2 = 
0.48, p = 0.001, n = 28). 
Estimated pre-burn seed crop per hectare (SC) and post-burn seed fall per hectare (SF) both 
showed a moderately strong relationship with established seedlings per hectare (Table 6.2). 
The relationship between seed fall per hectare per year and established seedlings was slightly 
stronger (R2 = 0.59, p = <0.001, n = 28) than that between seed fall per hectare per year and 
emergent seedlings (R2 = 0.54, p = <0.001, n = 28). The addition of site factors and seedbed 
types made little improvement in the predictive capacity of the model when combined with 
pre-burn estimated seed crop (SC). However, as with emergent seedling models, burnt 
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seedbeds (R2 = 0.52, p = 0.001, n = 28) did show slightly more influence on established 
seedlings than did unburnt seedbeds (R2 = 0.47, p = 0.011, n = 28) 
Table 6.2. Linear regression models for estimating the number of emergent and established jarrah seedlings. B 
= regression coefficient , n = 28. 
 
 
 
Following spring prescribed burning, seed fall per hectare per year (SF) showed a moderately 
strong relationship with established seedlings per hectare (R2 = 0.64, p = <0.001, n = 19; 
Table 6.3). This modest relationship was stronger than that recorded between estimated seed 
crop per hectare (SC) and established seedlings (R2 = 0.19, p = 0.063, n = 19). The addition 
of site and seedbed factors slightly improved the predictive capacity of the model, though 
weak relationships were still observed (Table 6.3). 
Following autumn prescribed burning, estimated seed crop per hectare (SC) showed a very 
strong relationship with established seedlings per hectare (R2 = 0.89, p = <0.001, n = 9; Table 
6.3). This relationship was stronger than that recorded between seed fall per hectare (SF) and 
established seedlings (R2 = 0.39, p = 0.078, n = 9; Table 6.3). The addition of site and 
seedbed factors improved the predictive capacity of the model, though SC remained the 
dominant underlying factor. However, given the lack of replication in autumn burnt transects 
(n = 9), results should be treated with a degree of caution. 
 
 
Dependent Models B F R2 p-value
Emergent Seedlings i. Estimated Seed Crop (SC) -12.78 22.98 0.47 < 0.001
ii. Seed Fall  (SF) 3.78 30.93 0.54 < 0.001
ii i . SC + SF -3.79 17.59 0.58 < 0.001
iv. SC + Site -13.03 5.93 0.51 0.002
v. SC + Unburnt seed beds -12.34 7.27 0.48 0.001
vi. SC + Burnt seed beds -11.99 5.72 0.50 0.002
vii. SC + Combined seed beds -12.63 3.51 0.50 0.015
Established Seedlings i. Estimated Seed Crop (SC) -12.35 22.68 0.47 < 0.001
ii. Seed Fall  (SF) 3.14 37.02 0.59 < 0.001
ii i . SC + SF -2.55 19.99 0.61 < 0.001
iv. SC + Site -12.61 5.55 0.49 0.003
v. SC + Unburnt seed beds -12.05 7.23 0.47 0.011
vi. SC + Burnt seed beds -11.88 6.15 0.52 0.001
vii. SC + Combined seed beds -12.46 3.75 0.52 0.002
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Table 6.3 Linear regression models for estimating the number emergent and established jarrah seedlings in 
spring (n = 19) and autumn (n = 9) burnt transects. 
 
 
6.3.3 Factors Influencing Emergent and Established Jarrah Seedlings at a Fine-Scale. 
 
The relationship between emergent and established seedling density and the various predictor 
variables at a fine scale is shown in Table 6.4 (microsites; n = 168). Models produced an 
acceptable Goodness of Fit Value of 0.27 and 0.196. At a fine scale, seed fall was shown to 
be the dominant and highly significant predictor of both emergent and established seedlings. 
In other words, at this scale the likelihood of an emergent or established seedling being 
recorded at an individual microsite was overwhelmingly influenced by the amount of aerial 
seed reaching that microsite. Site factors showed a very weak influence on seedling density 
for both models (Table 6.4). 
Other significant variables in models, although of considerably less influence than seed fall, 
were related to burnt seedbeds (Table 6.4). This was particularly the case with areas burnt to 
mineral soil, which showed a comparatively high Likelihood Chi-Square Ratio in both the 
emergent (5.04) and established (3.26) seedling models. 
 
 
Dependent Models B F R2 p-value
Spring
Established Seedlings i. Estimated Seed Crop (SC) -7.63 3.94 0.19 0.063
ii. Seed Fall  (SF) 3.08 30.02 0.64 < 0.001
ii i . SC + SF 13.56 18.80 0.70 < 0.001
iv. SC + Site -6.23 1.92 0.35 0.163
v. SC + Unburnt seed beds -10.32 1.15 0.27 0.179
vi. SC + Burnt seed beds -5.76 1.86 0.28 0.288
vii. SC + Combined seed beds -5.88 1.39 0.36 0.391
Autumn
Established Seedlings i. Estimated Seed Crop (SC) -15.64 57.29 0.89 < 0.001
ii. Seed Fall  (SF) 3.31 4.25 0.39 0.078
ii i . SC + SF -15.45 24.59 0.89 0.001
iv. SC + Site -16.07 18.78 0.95 0.007
v. SC + Unburnt seed beds -12.09 29.35 0.95 0.001
vi. SC + Burnt seed beds -16.39 12.89 0.93 0.015
vii. SC + Combined seed beds -15.01 49.09 0.99 0.02
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Table 6.4 Generalised Linear Models showing the fine-scale response of emergent and established jarrah 
seedlings to predictor variables. Bolding denotes significance p <0.01, n = 168). 
 
 
6.4 Discussion 
 
6.4.1 Levels and Adequacy of Recruitment Following Shelterwood Treatment. 
 
Densities of emergent and established jarrah seedlings were low across all six study sites. The 
number of established seedlings required for jarrah forest to be considered successfully 
stocked is in the order of 5000 lignotuberous seedlings per hectare—whereas in this study, an 
average of only 415 emergent seedlings per hectare and 277 established seedlings per hectare  
in burnt transects were recorded. A positive influence of burning on emergent and established 
jarrah seedling numbers was found across the study sites, with burning resulting in a twofold 
increase in established seedling numbers, when compared to unburnt areas. Mortality rates 
were generally low across study sites (average of 30%). Such low seedling densities were 
Emergent Seedlings Estimated Canopy Seed Crop 1 2.08 0.15
Seed Fall 1 39.25 < 0.001
Pre-burn % Canopy Cover 1 0.90 0.34
Pre-burn % Shrub Cover 1 0.04 0.84
Post-burn % Shrub Cover 1 0.07 0.79
Non-burnt Leaf Litter 1 4.03 0.04
Leaf Litter Ash 1 4.13 0.04
Areas Burnt to Mineral Soil 1 5.04 0.02
Non-burnt Mineral Soil 1 1.28 0.26
Log Ash 1 1.01 0.31
Established Seedlings Estimated Canopy Seed Crop 1 0.76 0.38
Seed Fall 1 38.61 < 0.001
Pre-burn % Canopy Cover 1 0.97 0.33
Pre-burn % Shrub Cover 1 0.01 0.94
Post-burn % Shrub Cover 1 0.44 0.51
Non-burnt Leaf Litter 1 1.73 0.19
Leaf Litter Ash 1 1.73 0.19
Areas Burnt to Mineral Soil 1 3.26 0.07
Non-burnt Mineral Soil 1 0.34 0.56
Log Ash 1 0.22 0.64
Model Goodness of Fit Value = 0.196 (Pearson Chi-Square/df)
Response Predictors df
Likelihood Chi-
Square Ratio
Chi-squared 
Probability
Model Goodness of Fit Value = 0.270 (Pearson Chi-Square/df)
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unexpected given the ample post-burn seed fall recorded across the study sites, which 
averaged 818 000 seeds per hectare per year. The proportion of fallen seed reaching the 
emergent and established stages was therefore 0.05% and 0.03% respectively, an order of 
magnitude lower than that proposed by Abbott et al. (1989), while O’Dowd and Gill (1984) 
estimated that over 14% of Eucalyptus delegatensis seed reached the emergent stage on burnt 
sites. Low seedling numbers in the presence of high seed fall rates are unlikely to be due to 
low seed viability (Boland et al. 1980) or insufficient rainfall over the survey period. 
Therefore, it is proposed that under the conditions of this study, seed supply did not coincide 
with broad-scale conditions suitable for mass germination, emergence and establishment. The 
implications of this both in the short-term and longer term are discussed below. 
Removal of seeds by predators before incorporation into safe microsites may have been a 
factor influencing seed availability. Seed predation is often density dependent, with many 
studies observing high levels of seed removal at small scales with small amounts of seeds 
(O’Dowd and Gill, 1984; Andersen, 1988; Tasker et al. 2011). Seed fall rates substantially 
increased following post-harvest burning across the study sites, with seed fall continuing at 
low levels throughout the year.—whether these levels of seed supply exceed the rate of 
removal is unclear. Using ant cafeterias placed post-burn at the Palmer study site (20 
cafeterias each with 20 large jarrah seeds), the author and Dr. L. McCaw (DPaW Principal 
Research Scientist) showed that no jarrah seed was taken from the cafeterias in a three month 
period after burning. This contradicts other seed predation research, which show ants disperse 
jarrah seed (Abbott and van Heurck, 1985; Stoneman and Dell, 1994). However, the potential 
for post-fire seed predation to limit the amount of available seed reaching safe microsites, and 
thus influence seedling emergent rates, is recognised. 
A significant difference in both the number of emergent and established seedlings was 
recorded between spring and autumn burns. This finding is likely a result of site influence, 
rather than being indicative of a seasonal trend. Inadequate replication of autumn burnt 
transects coupled with, in this case, the Wilga site (autumn burn) only recording an average 
of 10 emergent and established seedlings per hectare, makes it difficult to draw any definitive 
conclusions relating to the influence of season of burn on emergent and established jarrah 
seedlings. 
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6.4.2 Factors Influencing Emergent and Established Jarrah Seedlings at Broad Scales. 
 
The jarrah forest is an inherently resource-limited system which can make it difficult to 
identify single or interactive effects of external factors influencing broad-scale recruitment 
(Adams et al. 2003). This difficulty lies in both internal factors (tree reproduction cycles) and 
external factors (parameters comprising the regeneration niche) coinciding during study 
timeframes (Orscheg et al. 2011). The risk of such events not coinciding is far greater in 
species that support episodic rather than regular reproductive events, such as commonly seen 
in the recruitment of dry Eucalyptus species (Pennington et al. 2001). The fact that ample 
levels of post-burn seed fall (on average 818 000 ha-1 yr-1; Chapter 5) produced such low 
seedling numbers suggests that seed supply did not coincide with broad-scale seedbed 
conditions suitable for mass regeneration. The fact that this occurred across six study sites 
may indicate that stocking of shelterwood-treated jarrah forest (under the conditions of the 
current study) may primarily be a longer term process achieved through episodic recruitment, 
rather than a short-term process following a disturbance event such as post-harvest burning. 
Episodic recruitment over the longer term often relies on a constant supply of aerial seed, 
which increases the chances of seed fall events coinciding with appropriate microsite 
conditions (Yates et al. 1996; Semple et al. 2007; Florentine et al. 2008; Turner et al. 2009; 
Bailey et al. 2010, 2012). Indeed, the current study identified seed supply as the dominant 
factor influencing jarrah seedling emergence and establishment. Chapter 5 has shown that 
high spatial and temporal variability in canopy capsule crops and post-burn seed fall may lead 
to a more continuous supply of available aerial seed over the longer term following post-
harvest burning in shelterwood-treated jarrah forest. However, the use of retained canopy 
trees as a continual source of seed for longer term episodic recruitment presents a dilemma. 
On the one hand, retention of crop trees maintains a degree of structural complexity and thus 
biological and ecological attributes in addition to their value as a seed store, while on the 
other hand many studies have demonstrated the interspecific and intraspecific effects of 
overstorey competition in restricting germination, emergence and establishment (Battaglia 
and Wilson, 1990; Stoneman et al. 1994; van der Meer et al. 1999; Walters et al. 2005; 
Neyland et al. 2009). Longer term investigations into timeframes associated with successful 
stocking of shelterwood treatments are being undertaken by the DPaW FORESTCHECK 
monitoring project (McCaw, 2011; McCaw et al. 2011), and the survey sites from this study 
are being incorporated into a more general long-term DPaW monitoring program. 
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At a broad scale, seedbed conditions showed little influence on emergent and established 
jarrah seedlings and only served to provide a weak additive effect to the overwhelming 
dominant factor of seed supply. Burnt seed beds did show slightly more influence on 
emergence and establishment than did unburnt seedbeds. However, the degree of influence 
was far less than expected and that observed in other studies (Loneragan, 1979; Bowman and 
Kirkpatrick, 1986; Abbott et al. 1989; van der Meer et al. 1999; Neyland et al. 2009). Low 
seedling densities, as previously discussed, may have contributed to this result. However, the 
effect of burning under mild conditions cannot be completely discounted in promoting 
suitable seedbeds at broad scales. The low intensity burns experienced in this study produced 
heterogeneous seedbed conditions (Chapter 4), which Neyland et al. (2009) found resulted in 
sparser regeneration of E. obliqua than in more intensely burnt areas. Limited regeneration 
following mild burns is common, particularly in wet sclerophyll forests, and has been 
attributed to the inability of such burns to ameliorate soil conditions which restrict rapid 
establishment (Ashton, 1981; Florence, 2004). 
6.4.3 Factors Influencing Emergent and Established Jarrah Seedlings at Finer Scales. 
 
Post-burn seed fall was identified as the predominant factor influencing emergent and 
established seedling numbers at the fine scale. In other words, as seed supply to the forest 
floor increased, so did the likelihood of emergent and established seedlings being present. 
The strong influence of sufficient seed supply on successful recruitment in microsites is 
widely recognised, as increasing the number of seeds to the forest floor increases the chances 
of an individual seed finding a suitable microsite for germination, emergence and 
establishment (Bailey et al. 2012). This concept is particularly relevant to shelterwood-
treated jarrah forest, as burning under the mild conditions of the current survey produced 
heterogeneous post-burn seedbed conditions at varying scales. At a fine scale, a positive 
effect of seedbed condition on emergent and established seedlings was found, particularly 
patches burnt to mineral soil, in addition to the positive effect of seed supply. However, this 
effect was substantially less than the overwhelming influence of seed supply on seedling 
emergence and establishment. 
The effectiveness of a microsite in providing suitable conditions for germination, emergence 
and establishment depends primarily on its water availability (Eriksson and Ehrlen, 1992; 
Battaglia and Reid, 1993; Young et al. 2005; Bailey et al. 2012). Suitable microsites can 
mitigate dehydration after germination through increased soil moisture and humidity, 
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allowing greater water uptake in drying periods (Battaglia and Reid, 1993). At a fine scale, 
this study observed suitable seedling microsites to mostly comprise areas burnt to mineral 
soil. In view of water availability, such areas are characterised by high soil permeability and 
low water repellency (Choi et al. 2009; Bailey et al. 2012). Other factors influencing water 
availability, such as the removal of understorey and overstorey competition, were shown to 
have negligible effects on emergence and establishment at a fine scale. 
Under the mild burning conditions experienced across the study sites, only areas burnt to 
mineral soil (i.e. where all available fuel was consumed, leaving a charred soil surface), may 
have reached temperatures sufficient enough to break down the natural water repellency 
commonly observed in eucalypt forest soils (Harper et al. 2000); Doerr et al. 2004, 2006; 
Shakesby et al. 2007). The breakdown of soil water repellency can have a positive influence 
on germination and survival (Howell et al. 2006; Bailey et al. 2012). Similarly, areas of log 
ash may also provide deeper penetration of heat into the soil profile, though a clear influence 
on emergence and establishment was not observed in this study. However, the limited 
influence of log ash may be a reflection of the limited occurrence of these ash bed types at a 
fine scale. 
Areas comprising leaf litter ash showed a weak positive influence on seedling emergence. 
Such areas experienced localised fire conditions sufficient to char available fuel, but not to 
fully consume it. It is therefore unlikely that heating of the soil profile in these areas was 
sufficient to break down natural water repellency, or indeed provide the partial sterilisation 
effect and mobilisation of nutrients that are associated with higher intensities fires (Florence, 
2004). Similarly, the weak influence on emergence was also observed in non-burnt leaf litter. 
Microsites containing leaf litter, though providing an initial physical barrier to seed reaching 
mineral soil, may provide a high humidity and moister soil environment more conducive for 
germination (Facelli and Kerrigan, 1996; Facelli et al. 1999). Despite leaf litter (both burnt 
and unburnt) showing a weak positive influence on the numbers of emergent/established 
seedlings, their influence on established seedlings was considerably less. This finding 
suggests that although some microsites containing leaf litter were favourable for seedling 
emergence, they were not necessarily favourable for seedling establishment. Removal of leaf 
litter has in many studies been shown to promote seedling survival and growth by reducing 
litter-borne fungal pathogens, increasing light and improving soil moisture conditions 
(Battaglia and Wilson, 1990; Stoneman, 1994; Ashton and Martin, 1996; Gill, 1997; Kostel-
Hughes et al. 2005). 
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The fine-scale influence of burnt mineral soil between emergent and established seedling 
stages was relatively consistent. The increased growth rates of seedlings often observed under 
ash bed conditions may allow them to better survive stress when moisture conditions 
deteriorate over the first summer following emergence (Florence, 2004). The positive effects 
of ash bed on seedling growth and establishment are widely recognised across many eucalypt 
forests (Loneragan, 1979; Chambers and Attiwill, 1994; Yates et al. 1996; van der Meer et al, 
1999; Florentine et al. 2008; Neyland et al. 2009). However, a number of studies have shown 
that the initial above-ground growth advantage for seedlings following burning is a short-
term process and may gradually decline over the longer term (Chambers and Attiwill, 1994; 
Locket, 1998; van der Meer and Dignan, 2007). Studies such as van der Meer and Dignan 
(2007) attributed the lack of response of E. regnans sapling growth eight years post burn to 
low fire intensity. Findings in this study suggest that microsites comprising areas burnt to 
mineral soil were favourable for both seedling emergence and seedling establishment. 
6.4.4 Constraints and Limitations 
 
Low seedling densities across all study sites made it difficult to draw definitive conclusions 
on the interactive effects of seed supply and seedbed on emergence and establishment of E. 
marginata. An average of 818 000 jarrah seeds per hectare per year fell in burnt transects 
across the six survey sites, but an average of only 415 seedlings per hectare emerged. Each 
study transect covered a 200 m2 area and the transects were adequately spaced within sites to 
record the numbers and spatial distribution of seedlings. By covering such large areas, it was 
anticipated that the influences of seed supply and seedbed would have been conclusively 
resolved. However, due to such low seedling numbers this was not the case. 
In addition to low seedling densities, the overriding effect of ‘site’ on seedling emergence 
and establishment in this study is well recognised. The strong influence of site is particularly 
evident and a substantial limitation in the comparative analysis of spring and autumn burnt 
sites. The low replication of autumn transects made clear separation of autumn seasonal 
trends difficult and the results may simply be an artefact of site influence. This is confounded 
by the fact that transects are nested within sites. The lack of autumn burnt sites was an 
uncontrollable factor in the sample and subsequent statistical design. In 2007, four autumn 
sites were established, in 2008, four autumn sites were established and in 2009, two autumn 
sites were established. However, due to unsuitable conditions for burning over this three-year 
period, only two sites were burnt and therefore studied post fire. Given the usual timeframe 
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of such research, the time taken to complete field studies was already substantially increased 
in an attempt to capture more autumn burns and thus stabilise the sample design. After 
autumn burns in selected shelterwood-treated sites were again not conducted in 2009, the 
decision to cease field surveys was made. Constraints imposed by the confounded nature of 
site and season suggest future studies implement longitudinal rather than retrospective 
studies, in which space is substituted for time. 
6.4.5 Conclusions 
 
Results of this study suggest that successful stocking of shelterwood-treated jarrah forest may 
not always achievable in the short-term following a disturbance event such as post-harvest 
burning under mild conditions. The chances of sufficient seed supply (as observed in this 
study) coinciding with broad-scale seedbed conditions favourable for mass germination, 
emergence and establishment appear to be low. Conditions favourable for recruitment were 
highly variable within sites, as both seed supply and seedbed conditions were spatially 
heterogeneous, a result of prescribed burning under mild conditions and the spatial 
distribution of large seeding trees. At a fine scale, areas burnt to mineral soil showed an 
additive influence to the overwhelmingly dominant factor of seed supply on seedling 
recruitment. Replicating these seedbed conditions at a broad scale would invariably involve 
burning at higher intensities. However, the practicality of undertaking such burns in northern 
jarrah forests is questionable (Chapter 4). 
In the broader sense, results of this study indicate that successful stocking of shelterwood-
treated jarrah forest is more than likely a long term process achieved through episodic 
recruitment, rather than a short-term process following a disturbance event such as post-
harvest burning. In rare events, seed supply and favourable seedbed conditions may indeed 
coincide, but this appears to be atypical. Episodic recruitment over the longer term will 
invariably result in multi-cohort development under the retained overstorey. However, the 
time taken to successfully stock shelterwood in this manner is unknown and is an area 
requiring further research. 
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Chapter 7 
Synthesis 
 
7.1 Overview: Study Rationale, Objectives and Limitations 
 
Silvicultural practices are considered to be a manipulation of natural biological processes to 
achieve specific objectives (Köstler, 1956; Stoneman et al. 1989; Florence, 2004; Nyland, 
2002; Baker and Read, 2011). A common silvicultural objective in timber production forests 
is the establishment of regeneration, with successful establishment of seedlings a key 
indicator of ecologically sustainable forest management (Lutze et al. 2004; Neyland et al. 
2009; McCaw, 2011). A primary issue when manipulating natural processes, in this case 
regeneration, is to understand and manipulate factors that control and influence the processes 
themselves (Harper, 1977). For the successful regeneration of a given plant species, adequate 
numbers of seeds must fall onto suitable microsites to establish new individuals. Therefore, 
factors which influence seed supply and production of suitable microsites have the capacity 
to influence the ability of a given area to recruit new individuals (Cremer, 1971; Harper, 
1977; Eriksson and Ehrlen, 1992; Battaglia and Reid, 1993; Yates et al. 1994; Young et al 
2005; Bailey et al. 2010, 2012; Pastur et al. 2013). 
The primary objective of treating jarrah forest to shelterwood is to promote seedling 
regeneration in areas lacking sufficient numbers of lignotuberous seedlings and other forms 
of advanced growth (Bradshaw, 1987; Anon, 1995, 2004, 2012). An overstorey is retained to 
maintain a degree of structural complexity (and thus forest biological and ecological 
attributes) and to supply seed to the forest floor (Anon, 2004; Neyland et al. 2009; Brose, 
2010; Nyland, 2010; Baker and Read, 2011; Prévost and Gauthier, 2013). Where canopy seed 
crops are considered sufficient, prescribed burning is used to promote seed fall, and attempts 
to coincide this fire-induced seed fall with the production of ash beds (Anon, 2004). When 
ground coppice has developed and sufficient numbers of advanced growth are present, the 
overstorey can be removed to release the regenerated seedlings. Despite the widespread and 
progressive implementation of the shelterwood method, its application in jarrah forests has 
shown varying degrees of success (CALM, 2004; McCaw, 2011). The reasons behind this 
variability have not, as yet, been clearly identified and thus shelterwood-treated jarrah forest 
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presented an exciting opportunity to test the influences of seed supply and seedbed limitation 
on jarrah recruitment, since both are manipulated in an attempt to achieve adequate stocking 
of seedling regeneration beneath retained crop trees. 
This thesis sought to investigate and better understand the roles of seed supply and seedbed 
condition in promoting successful seedling regeneration in shelterwood-treated jarrah forest 
by addressing the following questions from an ecological and management perspective. 
Firstly, could adequate seed supply and favourable seedbed conditions be effectively 
managed and produced in shelterwood-harvested coupes? Secondly, could adequate seed 
supply and suitable seedbed conditions be reliably and frequently coincided to produce 
successful stocking of seedling regeneration, following a disturbance event, in this case post-
harvest burning? 
Throughout this thesis the role of ‘site’ was a common and in many cases, an overriding 
factor influencing outcomes. In a broad sense, ‘site’ can be referred to as a complex of factors 
relating to the soil and climate of a given locality. High inter- and intra-site heterogeneity 
across a range of factors is both inherent to jarrah forest and a recognised and unavoidable 
limitation of surveys (Abbott and Loneragan, 1986; Abbott et al. 1989; Abbott and Williams, 
2011). The standard approach to deal with large spatial variability is to increase the level of 
site replication. This was attempted by pre-selecting a large number of sites across a wide 
geographic range. However, due to external factors outside of this study’s control (e.g. 
incomplete harvesting treatments and unsuitable conditions for prescribed burning), a smaller 
number of sites was used than was initially planned. High within-site variability was 
observed across all study sites and across a range of factors including, but not limited to, pre-
burn canopy seed crops, site factors (e.g. leaf litter and shrub cover), fire behaviour, post-
burn seed fall and post-burn seedbed conditions. High within-site variability was shown 
throughout the thesis chapters to be a primary factor influencing available seed supply and 
the production of favourable seedbed conditions for jarrah recruitment. 
High inter- and intra-site site variability, coupled with insufficient replication across autumn 
burnt sites (mostly two sites only), meant it was difficult to draw definitive conclusions 
relating to the influence of season (canopy assessments and burning in spring or autumn) on 
specific outcomes. Seasonal differences identified throughout the thesis may simply be a 
consequence of strong site influences, rather than representing clear seasonal trends. Ideally, 
for seasonal comparisons ‘site’ rather than transects should have been used as a unit of 
110 
 
replication. The use of transects was thus an element of pseudo-replication, which 
compromised and limited the conclusions possible with respect to seasonal differences. 
Consequently, in most cases seasonal trends were inferred by exploring differences between 
sites. The limitation of comparing between spring and autumn treated sites is duly and 
explicitly recognised by the author. Despite this limitation, it is proposed that under the 
conditions of this study, the role that site conditions play in influencing seed supply and 
seedbed conditions, are of far greater importance than those associated with generalised 
seasonal trends. 
Constraints imposed by the confounded nature of site and season suggest future studies 
implement longitudinal rather than retrospective studies in which space is substituted for 
time. Currently the DPaW FORESTCHECK monitoring program has twelve grids 
established in shelterwood-treated jarrah forest, of which seven have failed to meet stocking 
standards ten years after treatment (Abbott and Williams, 2011; McCaw, 2011). Given the 
high inter- and intra-site variability recorded in this study, an increase in the number of grids 
established in shelterwood-treated jarrah forest would be recommended to strengthen the 
sample design. 
7.2 Factors Influencing Seed Supply in Shelterwood-Treated Jarrah 
Forest 
 
Chapter 3 sought to refine canopy crop assessments in jarrah trees and develop a more 
accurate and practical method of assessing seed crops in individual trees. This chapter 
provided the methodology for assessing pre-burn canopy capsule crops. Development of such 
an assessment was necessary to ensure canopy seed crops could be accurately assessed to 
provide good estimates of potential for recruitment. Twenty-four trees, representing a wide 
range of stem diameters, capsule crops, crown sizes and conditions, were selected, assessed 
and felled. Strong allometric relationships between stem diameter and tree structural 
components (e.g. tree height, crown width and depth of leafy crown) were found. 
Consequently, stem diameter at breast height (1.3 m) was the sole physical tree measurement 
in the final model. Physical tree measurements and subjective tree assessments produced a 
reliable predictive model to estimate the number of seed capsules in individual jarrah trees. 
The final model produced high degree of predictability (R² = 0.85) while still maintaining a 
high level of practicality for field application, with three easily measured variables being used 
(stem diameter and subjective assessments of capsule clump density and capsule clump 
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distribution). The refined model dramatically improved estimates of crown capsule numbers 
from the previous model, with the R² value increasing from 0.29 to 0.85. The improved 
model resulted in a greater capacity to estimate large canopy capsule crops (>10 000 seeds). 
At the microsite scale, estimated seed crops (derived from canopy capsule crop estimates) 
were found to be comparable to post-burn seed fall figures, though there was a tendency for 
seed crop estimates to underestimate seed fall. However, at a broad scale, there was a 
substantial discrepancy between mean estimated canopy seeds per hectare and mean total 
seed fall per hectare per year. This suggests that the method can be used to reasonably 
accurately assess available seed for regeneration at fine spatial scales. However, using seed 
crop estimation to predict the amount of seed falling at a broad scale (both spatially and 
temporally) and hence using seed crop to estimate regeneration potential, may be difficult. As 
a result, the implementation of this methodology at an operational scale requires further 
refinement. 
An important part of the problem in using canopy capsule crops to predict seed fall and 
regeneration potential is that at least some capsules will have already released their seed. 
Almost one-third of the capsules recorded were open and did not contain seed. Trees were 
assessed and felled throughout the year and the proportion of open capsules over the 24 trees 
was found to be related to crown size and total capsule numbers and not time of year. 
Similarly, Pastur et al. (2013) recorded natural abscission rates in oak stands to be directly 
related to fruit numbers. Delineation and thus quantification of open capsules in tree crowns 
was not seen as practical. As a result, some consideration should be given to timing 
assessments prior to summer months because of the lower likelihood of opened capsules in 
tree crowns at this time. Findings of this study suggest that the abscission layer may form 
below the capsule-bearing branchlet and not below the peduncle, similar to that observed by 
Cremer (1965b) in Eucalyptus nitida (formerly E. simmondsii). As a result, the open capsules 
are likely to remain in the jarrah crown until local weather conditions such as and wind and 
rain force the branchlet from the tree. 
To accurately account and compensate for the number of open capsules, particularly while 
undertaking canopy capsule assessments prior to autumn burning, would have proven 
problematic and time consuming. The high variability within single trees in terms of open 
capsules would have seen an impracticable number of branch sub-samples being taken, not 
only within individual trees but within stands of trees. Though natural seed fall increases in 
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warmer, drier summer months, results suggest all trees regardless of time of year will, to 
some extent, contain open capsules. Consequently, attempting to account and compensate for 
a generalised seasonal effect on the number of open capsules prior to spring and autumn 
canopy crop assessments, may be futile. However, a correction factor may be applied for 
future work if it can be shown that the proportion of open to closed capsules is relatively 
consistent at a particular time of year. Maturation of capsules and thus availability of seed at 
any one point in time is primarily determined by a number of intraspecific site factors, which 
lead to spatially variable multi-aged capsules, both within individual tree crowns and between 
stands of trees (Florence, 2004; Semple and Koen, 2007; Olesen and Madsen, 2008; Vesk et 
al. 2010; Orscheg et al. 2011; Lucas-Borja et al. 2012). 
Patterns of pre-burn aerial seed crops and seed fall following low intensity prescribed burning 
in shelterwood-treated jarrah forest showed high inter- and intra-site variability in the 
quantity and spatial distribution of pre-burn aerial canopy seed crops (Chapter 5). Broadly, 
such variability was attributed to site-specific conditions reflecting long-term reproductive 
cycles (both within individual trees and between stands of trees), rather than differences 
being reflective of seasonal trends. The timing of each assessment in respect to long-term 
reproductive cycles could also have significantly altered the quantity of canopy capsules 
present in each of the study sites (Cremer, 1971; Ashton, 1975; Bassett, 2002; Florence, 
2004; Peters et al. 2005; Semple et al. 2007; Dooley et al. 2010). 
High natural variability in the quantity and distribution of canopy capsules has been 
attributed to individual trees or groups of trees responding differently to climatic events at 
each stage of the floristic cycle (Joshi and Tewari, 2009, Semple and Koen, 2010; Vesk et al. 
2010; Wang et al. 2010). This ensures that at any given time some seed is always available in 
the canopy to replace a stand in response to natural disturbance factors such as fire and 
storms. The influence of site quality, stand density, internal carbon and nutrient availability, 
pollinator abundance and pollen quality are also recognised as being limiting factors in the 
development of seed crops (Yates et al. 1994; Chaix et al. 2007; Suitor et al. 2008; Varghese 
et al. 2009; Suitor et al. 2010; Archibald et al. 2012; Hoch et al. 2013). As observed in the 
current study, this variable response leads to both fine-scale and broad-scale heterogeneity in 
the quantity and distribution of canopy capsules, and thus amounts of available seed prior to 
post-harvest burning. Coinciding disturbance events such as post-harvest burning with 
‘optimum’ canopy seed crops is therefore difficult, as a number of interspecific and 
113 
 
intraspecific factors are influencing canopy seed supply, across a number of spatial and 
temporal scales (Bailey and Covington, 2002; Peters et al. 2005). 
Heterogeneity in the quantity and distribution of canopy capsules at finer scales was shown in 
this study to be primarily driven by numbers and spatial arrangements of ‘super trees’, 
defined as trees with a minimum stem diameter of 60 cm and canopy capsule crop greater 
than 20 000 capsules. The larger the diameter of the tree, the greater the capacity that 
individual has to produce an exceptionally large canopy capsule crop. Similar allometric 
relationships between stem diameter and crown values (e.g. leaf area, crown dimensions and 
seed crops) have been seen across many other eucalypt species including, but not limited to 
E. nitens, E. obliqua; E. regnans, E. delegatensis, E. grandis and E. pilularis (Medhurst et al. 
1999; Florence, 2004; Montagu et al. 2005; Bar-Ness et al. 2012). Moreover, individual tree 
fecundity is driven by tree size, as large trees experience less intraspecific competition (Vesk 
et al. 2010; Swamy et al. 2011). The retention of larger trees is seen as an important factor 
influencing overall quantity and distribution of seed within shelterwood treatments, as not 
only do such large trees have a greater capacity to produce seed, but also to provide a greater 
dispersal distance of that seed (Vesk et al. 2010; Nathan et al. 2011). 
Average rates of jarrah seed fall substantially increased following prescribed burning under 
mild conditions. Burning under the mild conditions of the survey did not result in ‘complete’ 
dehiscence of capsules and, after an initial fire-induced peak, low levels of seed fall 
continued throughout the following year, contributing to the soil seed bank. Fire induces seed 
fall in eucalypts and other serotinous species by hastening the natural drying process of seed 
capsules. The timing and amount of fire-induced seed fall may be dependent on factors such 
as the intensity of the fire and degree of crown scorch, prevailing post-fire weather 
conditions, and the size and maturity of the canopy seed crop (Christensen, 1971; O’Dowd 
and Gill, 1984; Whelan, 1986; Bassett and White, 1993; Whelan, 1995; Bond and van 
Wilgen, 1996; Ooi et al. 2006; Clarke et al. 2013). Under the mild burning conditions of this 
study, the quantity and spatial distribution of pre-burn canopy seed crops were shown to be of 
far greater influence on levels of post-burn seed fall, than fire behaviour. Mild burning 
conditions are usual for prescribed burning in jarrah forest (Abbott and Burrows, 2003; Grigg 
et al. 2010; McCaw, 2011) and, as such, this result serves to highlight the importance of pre-
burn canopy seed crops on the quantity and distribution of post-burn seed fall in jarrah 
shelterwood under such burning treatments. 
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The temporal pattern of seed fall was found to be highly synchronised following low intensity 
prescribed burning in spring. Such synchronous levels of post-burn seed fall serve to provide 
the highest amount of seed possible in the shortest period of time to the forest floor. In doing 
so, this increases the chances of an individual seed avoiding predation (via predator satiation) 
and being incorporated into a safe site or microsite suitable for germination, emergence and 
establishment (O’Dowd and Gill, 1984; Battaglia and Reid, 1993; Ashton and Martin, 1996; 
Li et al. 2003; Bailey et al. 2012). In contrast, seed fall following autumn burning did not 
follow a clear post-burn temporal pattern. Due to insufficient replication, this result may be 
reflective of site influences rather than a definitive seasonal trend. More variable and gradual 
patterns of post-burn seed fall may indeed be common following autumn burning, given the 
increased influence of localised weather conditions heading into the cooler months (e.g. cool 
temperatures, rain, frost), which inhibits the drying process of capsules (Cremer, 1965b). The 
advantages of a pulse of seed fall in spring may be countered by the longer time that seed is 
on the forest floor before germination, compared to seed falling in autumn. Nevertheless, the 
higher and more synchronous post-burn seed fall suggests that operationally spring burning 
should be favoured over autumn burning. 
High spatial and temporal variability in pre-burn canopy capsule crops and post-burn seed 
fall—under the conditions of this study—suggests that over the longer term, there will be an 
ongoing supply of available aerial seed in shelterwood-treated jarrah forest. In the event that 
stocking of seedling regeneration is insufficient (as was observed in this study), ongoing seed 
supply, even at low levels, may serve to promote longer term episodic recruitment, by 
producing spatially variable, multi-aged (multi-cohort) regeneration under the retained tree 
canopy. Similarly, Olesen and Madsen (2008) suggested that successful seedling regeneration 
in shelterwood-treated beech forest should not be reliant on single heavy mast crops 
combined with soil disturbance. Rather, they showed the importance of spontaneous 
recruitment over several masting years. Hence, it may be a case of waiting longer to achieve 
adequate stocking levels of lignotuberous seedlings and saplings before gap creation. 
 
7.3 Factors Influencing the Production of Suitable Seedbed Conditions in 
Shelterwood-Treated Jarrah Forest 
 
Chapter 4 sought to assess the capacity of prescribed burns under mild conditions to produce 
seedbed conditions suitable for seedling regeneration in shelterwood-treated jarrah forest. 
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Results showed that low intensity prescribed burns in shelterwood-treated jarrah forest 
resulted in the production of what are broadly considered suitable conditions for eucalypt 
seedling regeneration. That is, leaf litter and understorey vegetation were reduced and ash 
beds were created, as demonstrated in many other post-burn assessments of eucalypt forests 
and woodlands (Cremer, 1965a; Loneragan, 1979; Ashton, 1981; Bowman and Kirkpatrick, 
1986; Chamber and Attiwill, 1994; Yates et al. 1996; van der Meer et al, 1999; Jennings et 
al. 2000; Di Stefano, 2001; Bailey et al. 2012).   
The production of ash beds, a key outcome of prescribed burning in shelterwood-treated 
jarrah forest, was shown to be heterogeneous within sites. This was attributed to the capacity 
of low intensity prescribed burns to account for fine-scale variations in fuel quantity, 
continuity and condition. Seedbed heterogeneity, although initially thought to increase the 
diversity of microsite conditions for recruitment within a given area, may have actually 
reduced the opportunities for jarrah recruitment, by limiting the availability of areas burnt to 
mineral soil. Results showed that emergent and established seedlings had a positive and 
noticeable response to areas burnt to mineral soil (i.e. where all available fuel was consumed 
and a charred surface was left; Chapter 6). Definitive conclusions on the positive effect of 
areas burnt to mineral soil on recruitment were obviously hard to draw, given such low 
seedling densities. Nevertheless, a positive response of seedlings to this seedbed type was 
clearly observed at a fine scale, and literature further supports the idea that conditions 
associated with these seedbed types can benefit seedling recruitment (Florence, 2004; Doerr 
et al. 2004, 2006; Shakesby et al. 2007; Howell et al. 2006; Choi et al. 2009; Bailey et al. 
2012).  
Low intensity fires, such as those observed in this study, follow litter fuel patterns spatially 
and therefore their ability to create ash beds is difficult to predict. These inter-site variations 
in available fuels were shown to be a stronger influence on the production of various seedbed 
conditions than the season of burn. Pre-burn fuel levels and types have a predominant role in 
the production of seedbed types, but only under the mild conditions of the study. As a result, 
promoting seedbed conditions, specifically areas burnt to mineral soil at a broad scale, would 
invariably involve increasing fire intensity. However, the feasibility of burning at higher 
intensities in northern jarrah forest is questionable, as burning under such conditions 
increases both the risk of crown damage and the potential for fires to become uncontrollable 
(Cheney et al. 1998). Nevertheless, investigations concerning the role high intensity fires 
play in the recruitment of jarrah presents and interesting research opportunity.   
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7.4 The Influence of Seed Supply and Seedbed Condition on Seedling 
Regeneration in Shelterwood-Treated Jarrah Forest 
 
In this study it is difficult to draw definitive conclusions on the role of seed supply and 
seedbed conditions in limiting seedling recruitment since only low seedling densities were 
recorded with all treatments. However, the fact that ample levels of post-burn seed fell (on 
average 818 000 ha-1 yr-1; Chapter 5) yet produced such low seedling numbers, suggests that 
seed supply did not coincide with broad-scale seedbed conditions suitable for mass seedling 
regeneration. The chance of such events not coinciding is far greater in species that support 
episodic rather than regular reproductive events, such as commonly seen in the recruitment of 
dry Eucalyptus species (Pennington et al. 2001; Orscheg et al. 2011). Similarly, poor 
establishment rates of E. miniata in the presence of adequate seed supply was attributed to 
seedbed condition and lack of suitable microsites (Setterfield, 2002). Conditions favourable 
for recruitment were highly variable within sites, as both seed supply and seedbed conditions 
were spatially heterogeneous—a result of prescribed burning under mild conditions and the 
spatial distribution of large seeding trees. At a fine scale, areas burnt to mineral soil showed a 
small influence on top of the overwhelmingly dominant factor of seed supply on seedling 
recruitment. 
At the broader scale, results of this study indicate that successful stocking of shelterwood-
treated jarrah forest is more than likely a longer term process achieved through episodic 
recruitment, rather than a short-term process following a disturbance event such as post-
harvest burning. In rare events, seed supply and favourable seedbed conditions may indeed 
coincide, but this appears to be atypical. Such episodic recruitment strategies may be 
common in resource-limited systems such as jarrah forest and other dry eucalypt forest 
systems, as conditions comprising the regeneration niche are often variable and unpredictable 
(Orscheg et al. 2011). Maintaining levels of seed supply, at varying spatial and temporal 
scales, allows for constant but low allocation of resources to reproduction, yet improved 
chances of coinciding seed supply with suitable conditions for recruitment. Where 
intraspecific competition for an individual tree is reduced, there can be a greater allocation of 
resources to reproduction. This is likely the case for large jarrah trees (>60 cm stem diameter) 
in the current study, a phenomenon also shown by Vesk et al. (2010) in their study of E. 
microcarpa. Longer term episodic recruitment will invariably result in multi-cohort 
development under the retained overstorey. However, the time taken to successfully stock 
shelterwood in this manner is unknown and is an area requiring further research. Regular 
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burning of shelterwood-treated jarrah forest will invariably promote jarrah seedling 
regeneration, as shown in the current study with a twofold increase in seedling numbers 
following mild burning. However, a balance must be met with respect to long-term burning 
intervals, to not only promote regeneration in E. marginata, but also to maintain a degree of 
overall forest structure, biodiversity and ecosystem health. 
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